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Abstract 


Stress.' -corrosion cracking (SCO) teats were performed on 13 
aluminum allots, I 3 precipitation hardening stainless steels, and t ¥0 
titanium 6A1-4V alloy forgings to compare fracture mechanics techniques 
vlth the conventional smooth specimen procedures. Commercially fabricated 
plate and rolled or forged bars 2 to 2,5”ln. thick were tested. 

Exi:)Osui*es were conducted outdoors In a seacoast atmosphere and 
In an Inl^ind industrial atmosphere to relate the accelerated tests with 
service type environments. With the fracture mechanics technique testa 
were made chiefly on bolt loaded fatigue pi'ecracked compact tension 
specimens of the type used for plane-strain fracture toughness testa . 
Addition^.! tests of the aluminum alloys were performed on ring loaded 
compact tension specimens and on bolt loaded double cantilever beams. 

For the smooth specimen procedure 0.125' in. dla. tensile specimens were 
loaded axially in "constant deformation" type frames. 

Comparative ranking of the relative resistance to SCC of materials 
tested with precracked and smooth s.oeclmens varied with the alloy and 
temper. Aluminum and steel alloys ^^ith a low threshold stress, for 

inltlat.lng SCC In a smooth surface also showed a low threshold ^ stress 
Intensity factor, Kj for Initiating SCC In a pre-existing mechanical 
crack, and a '^relatively high SCC growth rate under plane-strain 

conditions. Conversely, aluminum alloys and tenpers with a high also 
showed a high KigQc and a relatively low SCC growth rate. However, 
most oi* the precipitation hardening steel alloys and the titanium 

materials exhibited a low Kig^c high SCC growth rate even though the 
cr-th wiis high. Thus, while teats of precracked specimens are not 
required for the evaluation of the resistance of aluminum alloys to SCC, 
tests of both precracked and smooth specimens are essential for materials 
such as the precipitation hardening stainless steels and titanium alloys. 

For both aluminum and steel alloys comparative SCC growth rates 
obtained from tests of precracked specimens provide an additional useful 
characterization of the SCC behavior of an alloy. It Is emphasized, 
however, that SCC growth rates and Kj data, like data, depend 

upon the test environment and other conditions. 

Consideration Is given to a number of formidable experimental 
difficulties with tests of precracked specimens that must be overcome 
If meaningful Kioq- and accurate K-Rate curves are to be obtained for 
all types of alloys and product forma. Discriminating between 

Vilghly resistant alloys and tempers still poses a problem because of 
difficulties associated with Identification of extremely alow crack 
growth rates. 

Because of the experimental difficulties associated with the 
determination of precise SCC thresholds (crtb and KigQo) and SCC growth 
rates, a method of classifying the SCC ranking of 

materials Into broad groups based on accelerated tests of both smooth 
and precracked specimens merits consideration. An example of this 
approach is presented for aluminum alloys. 
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I- lOTRODUCTIOI? 


The application of linear-elastic fracture mechanics 

analyses to the study of stress-corrosion cracking (SCC) and 

other suDcritical-crack growth problems has undergone considerable 

development in recent years . The use of precracked 

specimens for stress corrosion testing has been given widespread 

consideration and trial since Brown promoted the threshold 

concept by using precracked cantilever beam specimens in testing 

i'5 4) 

high strength steel alloys^ . Justification for the use of 

the crack-tip stress -intensity factor for opening mode, Kj, to 

characterize the mechanical driving force in SCC has been reviewed 

by Johnson and Paris and by ¥ei^^^. Further experimental 

verification with studies of titanium and steel alloys has been 

provided by the investigations of Smith, et. al.'*^ and Hovak 

( 8 ) 

and Bolfe . However, the earliest tests of high strength 

( 9 , 10 ) 

aluminum alloys by the fracture mechanics approach indicated 

that test results obtained by this new method might not rate 
aluminum alloys in the same order’ as the tests by conventional 
smooth specimen methods . The present investigation was initiated 
because it was evident that there was need fer more information 
about this new method of SCC testing. 

An experimental program was developed to evaluate with 
both precracked and smooth test specimens the resistance to SCO 
of a variety of high strength alloys of aluminum, titanium and 
precipitation hardening stainless steel; all these alloys are 
of interest to the aerospace industry. The objectives are to: 
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(1) cony>are the relative ratings for resistance to 3CC "by the 
two methods, (2) determine the applicability of the test data 
obtained by the two methods for alloy selection and engineering 
design, and (?) investigate some of the variable test conditions 
associated with the fracture mechanics method of SCC testing 
these alloys. 

A review %ras made of the published literature to aid in 
planning and performing the work In this program. Attention is 
called to the most significant published articles and reports in 
the numerous references and the attached bibliography. 

II. MATERIAIg 

A list of all of the materials and the sources of supply 
Is given In Table I. Specific Inforajatlon regarding the various 
alleys Is presented In more detail below. 

A. Aluminum Alloy s 

1. Composition 

The aluminum alloy product selected for evaluation was 
commercially rolled and beat treated plate, 2.00 to 2.50 Inches 
thick. Thirteen Items were selected to provide a variety of 
alloy types with different strengths, fracture toughnesses and 
degrees of resistance to stress-corrosion cracking. The chemical 
conqiosltlons of the plates are given in Table II and all are 
within the composition limits published by the Aluminum 
Association for the alloys. 

2. Heat Treatment and Mlcrostruoture 

All aluminum alloys Included In thin investigation except 


-3- 


5456 are strengthened by solution heat treatment followed by 
quenching and a precipitation heat treatraent. Typical thermal 
treatments for the alloys and ten^)er8 are given In Table III. 

Alley 5456 is strengthened by strain-hardening during hot rolling. 

The aluminum alloy plates were examined metallographlcally 
to verify that the microstructures were typical of the alloys 
and teeners. Representative photomicrographs. Illustrating the 
grain structure In all three directions, were given in a previous 
report Examples of two representative alley-temper 
combinations are shown In Figure 1. The highly directional grain 
structure Illustrated for 7075"T6'51 alloy is representative of 
that for most of the other all^s Including 2014 -t 651, 2024-T551 
and T85I, 5456-ELI7, 6O6HT65I, 7039-16551, 7079-T651 and 7075-T7351. 
Certain of the plates recrystalllxe during hot rolling and solution 
heat treatment and have a somewhat less directional grain structure, 
as exemplified by alloy 2219-T37 in Figure Ij alloys in this group 
Include 2219-T87 and 2021-T81. 

The microstructure of 5456-H117 alley plate Is required to 
be free from "continuous" precipitation In the grain boundaries 
(Interim Federal Specification QQ-A-00250/20 ) . The microstructure 
of the 2.5" plate of 5456-H117 used In this Investigation Is 
satisfactory as shown by Figure 2. With this type of microstructure 
5456 alley plate Is expected to be immune to SCG, To obtain a 
sample of a 5XXX type alloy In a condition susceptible to SCO 
a portion of the B117 ten5>er plate was heated for three days at 
300 ®p. The high degree of continuity of grain boundary precipi- 
tation for this sanqcle shown in Figure 2 indicates that a 


relatively lovr resistance to SGC can be expected when the plate 
is tested in the short-transverse direction. 

3. Tensile Properties 

The tensile properties of the alntn'inutn alloy plates 

(13) nil) 

determined by ASTM Metl^ods S8 and B557^ are s-ummarized 
in Table IV, and described in more detail in Section IV. The 
properties of the several alloys and tempers conform to the 
various applicable standards . 

4. Special Properties 

The resistance to SCO of alloys 2219-T87 and 7075“T7351 
must comply with certain military and federal specifications 
(specification MH-'A-8920A (ASG) for 2219“T87, and Specification 
Q.Q.-A-250/12 for 7075“T735l)- The specifications require that 
short- transverse specimens, stressed at 75 per cent of the 
guaranteed long-transverse yield strength shall be capable of 
passing a 30~day alternate immersion test WaCl solution) 

without stress-corrosion craclcing. The plate samples employed in 
this Investigation complied with these requirements. 

Lot acceptance criteria of the specified resistance to 
see of 7075“T7351 alloy plate also contain a requirement (QQ-A-250/12) 
based upon an electrical conductivity- tensile yield strength 
relationship. The conductivity of the contract plates exceeded 
the kOfo lA.es requirement and the tensile properties were in the 
required range . 

B. Stainless Steel Alloys 

The steel alloys were commercially fabricated in the form 
of rolled bar and plate I.25 to 2.25 inches thick: (Table I). Six 
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high strength stainless steels, including one chromium type 
martensite hardenahle alloy (431) and i’ive chromium-nickel 
type precipitation hardening alloys were selected to provide a 
variety of compositions and. tempers vr:h differing strength, 
toughness and degrees of resistance to SCO. All hut one of the 
items were received in mill condition A or RlOO, intermediate 
tempers with good machinability because these alloys are not 
easily machined in the fully hardened tempers. The 15~5 PH steel 
in the HII 50 M condition was in the final temper when received 
from the mill. 

1. Composition 

The compositicn of each steel is given in Table V, and 
the compositions were within manufacturers* specifications . 

Analyses of the finished products were in good agreement with the 
cast analyses furnished by the manufacturers . 

2. Heat Trea t ment and Microstructure 

Visual examination of macroetched slices and met allograph ic 
examination, with metallurgical assistance by the research 
laboratories of the Armco and Allegheny Ludlum steel companies 
showed that each of the steel products was free of gross defects 
and had grain structures typical of the product alloys and 
tempers . Representative micrographs illustrating the grain 
structures in each of the products were shown in previous 
reports . Examples illustrating the grain structures in 

two of the steels are shown in Figure 3* The directional grain 
structure illustrated for the 17“7 PH alloy is also representative 
of the PH15“7 Mo alloy, while the relatively non- directional 
structiire shown for the^ 431 alloy is representative of the 
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remaining samples . The directional characteristics of the grain 
structure wre not appreciably altered by the thermal treatments 
emp-loyed . 

The procedures employed in preparing and heat treating 
the various steels are outlined in Table VI. Vfith the exception 
of the 15"5 PH steel received in the HII 5 OM finish condition, 
all materials vere thermally treated as specimens in a partially 
or liilly machined condition. 

3 . Tensile Properties 

The tensile properties of the stainless steel products 
determined by ASTM Methods E8 and A370^^^^ and summarized in 
Table VII are representative of the various alloys and tempers. 

Althoi3gh the I-E150 temper of 15“5 PH alloy vas ordered from Arm.co, 
its tensile properties more closely matched those of the double 
overaged temper H1150M. Armco was not able to verify that the 
bar had been double overaged but agreed that it should be listed 
as HII 5 OM rather than H1150* 

C. Titanium 6 a 1-4V Alloy 

Titanium 6 a1~4v alloy was included in this investigation 

(19) 

because of its wide commercial bse, and because early investigations 
with precracked stress corrosion specimens had shown that its 
performance is affected by microstructural variations resulting 
from thermomechanical processing. 

1. Composition 

The ingot composition of the titanium alloy, determined 
by Titanium Metals Corporation, is given In Table VIII. The 
hydrogen content determined at the Alcoa Research Laboratories 
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for the final forged bars Is also listed. 

2. Forging Procedures and Micros truct lire 

Forged bars, 2-1/4" x 6", were fabricated at the Alcoa. 

Forging Plant, Cleveland, Ohio, from 16" dlatneter billet 
purchased from the Titanium Metals Corporation. The forging 
sequence consisted of a two stage draw to 6" square bar from 
temperatures of 1950 °F and 1850°P, separating this bar Into 
two lengths and then drawing to the finish size two processing 
methods : 

(1) Beta Forging - Drawn from a reheat tenqaerature of 1950 ®P, 

above the alpha-beta transus temperature 

(1825'’f). 

(2) Alpha-beta - Drawn from a subtransus reheat temperature 

Forging of 1770 "F. 

The forgings were then annealed 2 hr. at 1500'‘P. 

Microstructures of the finish forgings shown In Figure 4 
are representative of beta forged and alpha-beta forged materials. 

5. Tensile Properties 

The tensile properties of the two forged bars given In 
Table VIII are representative of the products described. 

III. EXPERIMEWTAL PROCEDURES 
A. Tensile Properties 

The tensile property tests were performed In accordance 
with ASTM Standard tfethods of Tension Testing of Metallic Materials, 
Designation e 8-69^^^^. Choices of test specimens and test directions 
were dictated by the material specifications to demonstrate that 
the materials under study conformed to the applicable specifications. 
Additional tests were made in many instances to Identify the 
properties with the location and orientation of the stress corrosion 
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test specimens . A general diagram of the specimen locations 
and orientations is shown in Figure 5 ^ 

B. Plane-Strain Fracture -Toughness 

Arahient fracture toughness tests vere performed on duplicate 
test specimens for the given test directions with compact tension 
specimens (Figure 6) in accordance with ASTM Standard Method of 
Test for Plane-Strain Fracture Toughness of Metallic Materials, 
Designation • The loads at 5$^ secant offset were 

determined from load-deformation diagrams, and candidate values of 
the plane-strain fracture toughness were calculated vrith the 


equation : 

V P_yaT 
% “ 


25 

29.6 - 185.5 (t)+ 655.7 (I) - 1017 (f) t 638.9 (f) 


(1) 


>/here . P = load, lb. 

a = crack; length, in. 

B = specimen thickness, in. 

¥ = specimen width (depth), in. 

The Kq values were evaluated in accordance with requirements in 

ASTM Method E399 to determine their validity as Kj values. 

c 

Ambient fracture-toughness tests were also conducted with 
ASL type double cantilever beam specimens of alloys 2024- T351 
and 7075 -T 65 I. This is not a standard fracture toughness test 
method, but the applicable features of ASTM Method E399 were 
employed. In these tests, the load for Kq calculation was determined 
at the first visible evidence of crack growth on the load- deformation 
diagram. Candidate values of the plane-strain fracture toughness 


* Fracture toughness terms are defined in the Glossary In 
Appendix A . 
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( 21 ) 

were calculated with the equat‘d on' : 


= B 


3 (a + 0.6h) + h' 

h5 


1/2 


(2) 


I'/here 2h = specimen height, in. 

C. Stress Corrosion Tests with Smooth Specimens 

Conventional stress corrosion tests were performed on 

smooth 0.125~*in. diameter x 2- in. long threaded end tension 

specimens loaded in the Alcoa Research Laboratory stressing frames 

sho^m in Figure 7- This specimen and the loading system has been 

used extensively with aluminum alloys by ARL and has been described 

(22 23 ) 

in previous publications ^ . An investigation of the compliance 

of this specimen - frame assembly was made as another phase of 

( 2 ^) 

this contract, and the results were reported separately . Although 
this stressing frame appears to be a "constant deformation" method, 
the increase in average net section stress that occurs as an isolated 
crack grows is almost equal to that occurring in a dead load 
situation, as illustrated by the schematic diagram in Figure 8. 

Thus, for isolated cracking the time to fracture, which is related 
to the per cent reduction in area of net section to achieve 
fracture stress, would be nearly the same with the two stressing 
systems. Although other patterns of attack ranging to numerous 
small cracks or uniform corrosion have veiy little effect on the 
rate of increase of the average stress on the net section with 
dead loading, the effect can be pronounced with the ABL stressing 
frame. For other patterns of attack, particularly in alloys that 
have relatively high resistance to SCC, the time to fracture can 
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be quite variable and specliofins that undergo uniform attack vlll 
not fracture, 

A olmllar specimen stressed %rlth a relatively elastic 
loading ring also has been used extensively with steel alloys by 

Loglnov^^^)^ 

D« Stress Corrosion Tests with Fracture Mechanics Techniques 

1. Specimen Conflieuratlon 

( 8 ) 

The con?iact tension specimen with a bolt loading system' 
was selected for the majority of the tests vlitb the fracture 
mechanics method. These specimens are compact « self-contained and 
easy to handle and thus are veil suited for the lax^e volume of 
testing conducted under this contract. However, two designs of 
double cantilever beam (DCfi) specimens were also tested with the 
aluminum alloys, one similar to the type used by I^ratt^^^^ and one 
somewhat larger (an elongated con^ct tension specimen as shown 
In Figure 6 with allow loading with a testing 

machine. Dimensional details of the modified Boeing DCB are shown 
in Figure 9* The effect of specimen thickness was also studied 
with the compact tension specimen. Other testing variables studied 
include the type of precrack (tension vs. fatigue) and type of 
loading (ring loading vs. bolt loading and slngl^e vs. double-bolt 
loading). 

2. Compliance Data for Stress -Corrosion Testing 
Load-deflection compliance data were obtained so that crack 

opening displacement (C0D) could be used to detemnlne the applied 

load in bolt loaded tests and to monitor crack growth In ring 

loaded tests. This was done by making successive saw cuts In 

a 

coD 5 )act tension specimens over an W range of 0,45 to 0,80 and 
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in ARL type double cantilever beam specimens over a crack length 
range of O .95 to 5-50 in. The specimens were loaded with a 
testing machine ar-d the crack opening displacement was measured 
with a clip gage. Using a least squares analysis, a series of 
polynomial equations were fitted to the data. The equations 

providing the best fit and used in subsequent calculations were 
as follows : 


COD 


Compact Tension Specimen 



a 


¥ 


0.18728 + 8.0737x10 - ii-. 8716x10'^ (^) 

+ 1.410x10“'^ (^) - 1 . 5267 x 10 “^° (^) 1 


(^) 


A I^-Type-Donble Cantilever Beam Specimens 


COD = V = 


513.53 - 1451.1a + 1633 . 7a^ - 871.72a^ + 245. I4a^ 

“ 53-974a^ + 1.848a^ ( 5 ) 


a - 0.42884 + 1.6778xl0~^ - 3.8737xl0"5 (^) 

+ 5.1543x10'®(^) - 5.2880x10'^(^) + 9.0ia8xlo'^5(^)^ 

( 6 ) 

For double cantilever beam specimens of the Boeing 
type the crack length is measured and the stress intensity 
is calculated using the equation: 


-1S- 


1/2 

m C3h (af -i- 0.6b)^ + l?3 . , 

~ 4 Qaf + O.Shp + 

■Where V = deflection at the load line (COD), in. 

A nomograph developed by 1 ^ 7 -att^^^^ relating the stress intensity 
to crack length for various magnitudes of V is given in Figure 10. 

3. Bolt -Load ^fethod 

Bolt loading provides a constant deflection type test in 

which the specimen is "self-loaded". The applied load is not 

measured directly, but is obtained indirectly by measuring crack 

opening displacement as the bolt is turned. When crack growth 

occurs during exposure of either the compact tension specimen or 

the double cantilever beam specimens, the load and stress intensity 

level will decrease, and theoretically, the crack will arrest when 

the stress intensity level reaches a threshold value. 

Stainless steel bolts with a 2- in. radius machined on the 

ends were used to apply load, and stainless steel "back up" pins 

were Inserted in the pin hole opposite the bolt to prevent excessive 

deformation under load. The majority of the specimens were loaded 

with one bolt as illustrated in Figure 11. However, two bolts, 

(27) 

as recommended by Smith and Piper ^ were used in a special 
test of a few specimens. To accommodate the second bolt a tapped 
hole was placed in the other branch of the specimen directly in 
line with the bolt hole in the opposite branch . To load the 
specimen the opposing bolts were turned equal amounts to make 
contact in the crack-line and then tightened slowly in alternating 
small increments until "pop-in" occurred or until the desired 
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reading was obtained on the clip gauge. 

Some of the specimens scheduled for exposure in each 
environment were precracked in tension with a bolt (particularly 
the Boeing DOB specimens) which remained- in the specimen during 
exposure. The initial applied stress Intensity in that case 
was assumed to be equal to about 95“100^ of the Kjq or Kq value 
determined in ambient tests . 

The majority of the specimens, hovrever, were precracked 
in fatigue by axial-stress loading (R = + 0.1) in accordance with 
ASTM Method E599-70T. A few cycles of relatively high reversed 
load were used to precondition the notch and initiate the crack; 
the load was then reduced so that the last 0.05 to 0.10-in. of the 
fatigue crack was developed at a stress intensity level '^ 50 'p of 
the ambient value (or Kq) . The crack length was measured on 
each side of the specimen and assumed to be uniform through the 
thickness. Using this crack length, the load required to produce 
the desired stress intensity (nominal 95, 75, 50, or 25 ^^ of Kj^ or 
Kq) was calculated with either equation (1) or (2) as appropriate, 
and the corresponding crack opening displacement was calculated 
with equations (5) or ( 5 ) . A clip gage was placed in the crack 
opening and the specimen was loaded in a vise with a torque wrench 
to turn the bolt until the desired COD, and thus the inferred 
initial stress intensity (Kp^), was obtained. 

For specimens that were to be exposed to one of the aqueous 
test media, a few drops of the corrodent were placed in the tip 
of the precrack as the bolt was given the final turns . The bolt 
and loading pin were then coated with wax to eliminate general 
or galvanic corrosion, and the specimens exposed to the environ- 
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ment . During exposure periodic measurements of the crack length 
to the nearest 0.01 in. were made on both sides of the specimen. 
After it appeared that crack growth had definitely come to an 
arrest, or after arbitrarily chosen exposure periods, specimens 
were unloaded with the torque wrench, measuring the final crack 
opening displacement with the displacement gage . The final load 
on the specimen was measured by reloading the specimen in a testing 
machine to the same final COD, and the final crack length determined 
by breaking the specimen and measuring the fracture surface. 

Crack lengths were measured at the center, quarter points and 
edges of the specimens, and an average value determined by giving 
one-half vreight to the edge measurements and full weight to the 
other three measurements. Knowing the residual load and the final 
crack length and assuming the COD to be constant, the residual 
stress intensity was calculated with a combination of equations 
(l) and (3) or (2) and (5) or (7), as appropriate. 

4. Ring Load Method 

Short-transverse compact tension specimens from each 
aluminum alloy and AEL type DCB specimens from alloys 202^-1351 
and 7075 “T 651 were tested in a salt-dichromate-acetate solution 
with ring loading as shown in Figure 12. The aluminum alloy 
loading ring was designed so that for compact tension specimens, 
the deflection of the ring is large (at least 4 to 1) compared with 
the deflection of the specimen. When crack growth occurs, the 
load decreases slightly, but the stress intensity increases, thus 
accelerating crack growth and resulting in complete failure of the 
specimen. For DCB specimens, the stress intensity also increases. 
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but at a slower* rate, and the test is not necessarily terminated 
by failure of the specimen. The rings were instrumented so that 
in these tests, both load and crack: opening displacement, and 
thus stress intensity levels, could be monitored throughout the 
test. The crack lengths were measured on the sides of the 
specimens and the loads required to produce the desired stress 
intensity were calculated with equations (1) or (2). The specimens 
were immersed in containers of salt-dichromate-acetate solution, 
clip gages were placed in the crack openings and the loads were 
applied. Since the fatigue crack front is seldom straight through 
the thickness of the specimen, the crack opening displacements and 
actual initial stress intensities were usually slightly different 
than the estimates based on side measurements of the crac-k lengths . 

Qsually 5 to 8 tests were conducted simultaneously. Load 
and crack opening displacement readings were taken automatically 
eveiy 8 hours with a B & F multi chamel digital strain indicator. 
These readings were printed on a teletype and also punched on 
paper tape in a form suitable for computer analysis . The data 
logging unit and a bank of rings are illustrated in Figure 15 . 

Computer programs were developed to sort the data by test, 
plot raw load and crack opening displacement data, and fit poly- 
nomial equations to these data. A typical plot of the raw data 
and the best fit curves is shown in Figure l4. Using these best 
fit equations and equations 1, 2, 4 and 6, loads, crack lengths 
and stress Intensities were evaiiiated at given time intervals 
throughout the life of the test. The crack growth rate was also 
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determined by differentiating the equation for crack length vs. 
time. A typical computer prlnt-out is shown In Figure 15. 

E. Stress Corrosion Test Environments 

1. Outdoor Atmosphere 

In the evaluation of aluminum and high strength steel 
alloys of Interest to the aerospace Industry, it is important 
that realistic test media be used that will relate to the 
serviceability in aerospace applications. Exposures to both 
seacoast and Inland industrial atmospheres have been used by 

( 22 ) 

ARL for many years ^ ' to evaluate aluminum allays and to 

calibrate accelerated SCO tests. Thus, for the present investi- 
gation these same environments were chosen as reference exposures 
for both precracked and smooth specimens. The seacoast location 
is at Point Judith, Rhode Island, where specimens located about 
100 yards from the surf are exposed to prevailing off-shore 
breezes. The Inland industrial location is on the roof of the 
Alcoa Research Laboratories in Few Kensington, Penna. A photograph 
showing the manner of exposure of the test specimens at both 
test sites is shown in Figure I 6 . 

2. Accelerated Test Media 

a . Aluminum Alloys - The smooth specimens were exposed 
to 3 . 5 ^ FaCl solution by alternate immersion. The solution was 
made with sodium chloride of 99 minimum per cent NaCl, 0.1 maximum 
per cent Nal plus city of New Kensington tapwater containing <200 
ppm total solids with the solution pH ranging between 6.k- and 7*2. 
Evaporation losses were made up regularly by the addition of 
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tapvater, euid a change of solution was made each month. The 
alternate Inmersion cycle consisted of total Immersion of the 
specimens for 10 minutes each hour; for the remaining go minutes 
the specimens dried In the room atmosphere at ambient ten^rature 
and humidity. 

Exploratory tests were conducted on selected alloys to 

determine the optimum corrodent for the precracked specimens. 

Althoiigh the NaCl alternate immersion test is suitable for 

(22 28) 

conventional SCO tests of most high strength al\jmlnum allpys' * 

It Is not well suited for the precracked specimens. In the first 

tests of precracked con^>act tension specimens of high strength 

(2Q) 

aluminum alloys exposed by this method^ cracks grew slowly 
and were accon?)anied by considerable general corrosion of the 
specimen. As a result of the various tests described In Section 
VI-B the following corrodent, referred to frequently In this report 
as the salt-dlchromate-acetate solution, was chosen for evaluation 
of the aluminum alloys: 0.6w (3.5/^) NaCl 4- 0.02M 0»07M 

NaCgHjOg + HC2H^02 to a pH of 4. This Is a chromate-inhibited, 
acetate-buffered acidic 3*5^ sodium chloride solution that causes 
rapid see growth in precracked specimens of susceptible alloys 
without causing appreciable corrosion of the metal surface. A 
set of short-transverse smooth specimens was €dso exposed 
continuous Insnerslon In this solution. 

Because of the extensive work done at the Boeing Company 
under the AEPA program^ with 3.55^ ^JaCl solution added dropwlse 
three times a day to their DCB specimen, a series of Boeing BOB 
specimens e:^osed to 3.3^ HaCl by the Boeing method, to the salt- 
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dlchromate-acetate solution and to the outdoor atmospheres vas 
added to the original program for this Investlgatlv'. , 

b, Stainless Steels and Titanium - The smooth specimens 
vei*e exposed to the 3 * 5 ^ Nad alternate Immersion test^ the same 
as the aluminum alloys. They were, hO¥ever, exposed to solution 
In a separate container so that heavy metal ions fi.’om the steel 
specimens would not contaminate the solution to which the alumina 
alloys were exposed. 

The rather limited literature Indicated that 3.55^ Nad 
solution would probably be suitable for the precracked speci- 
mens but In view of Freedman* s preference for a 20j^ 

Nad solution It was decided to conduct a pilot test with those 
two solutions and synthetic sea water. On the basis of these 
tests It was decided to use the 20^ NaCl solution for the steel 
alloys and 3.5^ Nad solution for the titanium 6 a1-4v alloy. 

F. Evaluation and Interpretation 

Because of the extremely high st3?es8 Intensities developed 
In many of the precracked test specimens, and a desire to separate 
mechanical deformation effects from environmental crack growth 
and SCO, the test specimens were examined In detail. All fractured 
test specimens, smooth or precracked, were visually examined, 
and extensive use was made of photographs and scanning electron 
microscope (S£M) fractographs to record the dlfferant types of 
fracture characteristics observed. Many of the precracked specimens 
were c\it Into two pieces at mid-thickness so that a netallographlc 
cross 8ectl(xi of the crack in one half could be correlated with 
the examination of the fracture surface of the other half. 


- 19 - 


The results of the smooth specimen tests were evaluated 
in terms of the stress levels at which the alloys were susceptible 
to see. Although it is necessary to select significant e>:p03ure 
periods for each environment for practical purposes, the use of 
the time to failure is not regarded as an adequate measure of 
the resistance of a material to see except in certain contexts. 

The results of the tests of the precracked specimens were 
evaluated in terms of (a) the extent and rate of environmental 
crack growth or see and (b) the threshold st 2 ?ess Intensity. Many 
graphical presentations of these parameters were made and will be 
described in more detail in later sections. 

For the purpose of this investigation the term “stress- 
corrosion cracking" (seC) is reserved for the mode of crack 
propagation traditionally associated with this phenomenon in the 
alloys tested — intergranular for the aluminum and steel alloys 
and transgranular for the titanium alloy included in this investigation. 
The term "environmental crack growth" is used in a broader sense 
requiring no particular mode of propagation. The definition of SCC 
recently published ^ by the A3TM is; "A cracking process requiring 
the simultaneous action of a corrodent and sustained tensile stress. 

This excludes corrosion-reduced sections which fall by fast fracture. 

It also excludes intercrystalline or transcrystalline corrosion 
which can disintegrate an alloy without either applied or residual 
stress". 

IV. EESULTS OF TEMSILE PROPERTY TESTS 
A. Aluminum Alloys 

The tensile properties of the aluminum alloy plates wer-e 
determined in the three principjal orientations, and are summarized 


in Table IV. 

The properties were representative of the particular 
alloy, temper and section thickness. The directional tendencies 
vary with the different alloys and tempers, but the general trend 
for the per cent elongations in the short-transverse dii»ection to 
be lower than in the other two directions is evident. 

B. Stainless Steel A ^ lloty a 

Tensile properties were determined in the long- transverse 
direction for all alloys and additionally in the longitudinal and 
short-transverse direction for selected alloys. The test data 
are summarised in Table VII. 

The tensile properties are representative of published 
values of the various alloys and tempers except for the yield 
strength of the SCT 85O temper of the AK555 alloy plate. Although 
the yield strength is 12.5 ksi below the minimum yield strength of 
165 specified for this product, both the ultimate tensile of 219 
ksi and the per cent elongation of I6.0 are representative. The 
yield strength value appears anomalous, but there was good agreement 
in the yield determinations of duplicate specimens, and therefore 
the values obtained were used as the basis for st3?essing the smooth 
stress corrosion test specimens. 

Longitudinal and short-transverse tests were made of both 
tempers of the rolled bars of PHI5-8MO, ^51 an<5 AM555 alloys. 

The properties were uniform in all three directions for the PHI5~8 mo 
alloy, but there was a marked reduction in the per cent elongation 
in the short-transverse direction of the 431 and A1V055 alloy bars. 
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C. Titanium 6 a1- ‘^v AllOT 

Tensile properties determined in the three principal 
orientations with O.I 6 O" diameter specimens machined from the 
center of the forged bars are presented in Table VIII. Directional 
effects are small although, unlike the aluminum and the stainless 
steel alloys, there is an indication that the tensile and yield 
strengths tend to be highest in the long-transverse direction. 

Also the per cent elongations tend to decrease slightly in going 
from the longitudinal, to long- transverse, to the short-transverse 
directions. These indications are the same in both forgings, with 
both the strengths and elongations being slightly higher for the 
alpha-beta forging. 


V. KBSULTS OF FLAKE- STRAIN .FRACTURE TOUGHLIESS TESTS 
A. Aluminum Alloys 

The plane-strain fracture toughness of each of the plates 
in the longitudinal (L-T) and short-transverse (S-L) orientations 
was determined with 1" thick (or J.n two cases, 0.75" thick) compact; 
tension specimens of the design shown in Figure 6. The results 
of the tests are presented in Table IX. 

Valid or meaningful values of were obtained for most 
of the plate samples. However, the values for the longitudinal (L-T) 
specimens of 2219“T37^ 5^56-H117 j 5^56- Sens, and 606 I-T 65 I; and 
short-transverse (S-L) specimens of 2219-137^ 5^56-Hll7 and 
5456 - Sens, did not meet the ASTM criteria for valid values, 
primarily because the specimen thickness was insufficient to 
assure plane-strain conditions for these relatively tough alloys. 


B6n '.use the Kq values undoubtedly were less than the true 
valves for these alloys, and they can be e:xpected to reflect the 
behavior of the specimens used in the stress corrosion teats, they 
were used as a basis for calculating the Initial stress intensities, 
applied to the stress corrosion specimens. For the alloys 
and tempers for which valid values were obtained, the 
longitudinal (L-T) values ranged from 23.3 Icsi for 2024-T851 
to 31.1 ksiVinT. for 2021 -t8i, and the short-transverse (S-L) 
values ranged from 16.7 ksi Vin. for 202 Vt 851 to 21.4 ksi VIH”. 
for 606I-T65I. 

The results of additional tests with various sizes of 
longitudinal (L-T) specimens of 2219-T37 and T87 are shown in 
Table X. The values for 2219 ~t 87 were valid and did not vary 
greatly when determined with specimens of various sizes; the 
higher values for the larger specimens are the result of the longer 
crack lengths. However, even with the larger specimens, valid 
KIq values could not be obtained for 2219-T37 because excessive 
yielding occurred in the specimens during the test (indicative of 
high toughness). These results, however, confirmed that the 
invalid results from the 0,75 and 1'* specimens may be considered to 
be lower bound values. 

B. Stainless Steel 

The plane-strain fracture toughness of each of the alloys 
and tempers in the long-transverse (T-L) orientation was determined 
with 1" thick compact tension specimens. If the size of the stock 
permitted, tests were also conducted with thicker, 1.93"2.00" 
long-transverse (T-L ) specimens. Fracture toughness in the 
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longitudinal (L-T) and short-transverse (S-L) orientations was 
also determined for certain materials with 0.75 or 1" thick 
specimens. The results of the tests are summarized in Table XI. 

Valid Kt values were obtained with at least one of the 
-^c 

long-transverse (T-L) specimens of all but the 15“5 PH alloy in 
the HII 5 OM temper and the 431 alloy in the HT125 temper. A 
comparison of the data for 1.0 and 2.0" thick long-transverse 
(T~L) specimens showed that the results obtained with the two 
specimen sizes were in good agreement in three Instances, but were 
in poor agreement in five instances. The fact that the Kj* values 
were invalid for specimens of both thicknesses of 15“ 5 PH - HLI 5 OM 
alloy, and for the 1.0" thick specimens of the 431-HT125 alloy 
probably accounts for the lack of agreement in those two cases, 
but there is no apparent reason for the differences noted in tests 
of PHI 3 - 8 M 0 -HIO 5 O, 431-HT200 and AT055-SCT 1000 steels. In seven 
of the eight available comparisons, KA values for the 2.0" thick 
specimens were higher than those for the 1.0" thick specimens as 
would be e35)ected because of the longer crack lengths in the 
larger specimens . Because the smaller specimens are in the range 
where specimen geometry can influence the test results, the 
higher values probably are more reasonable. However, it is also 
possible that variations in structure through the thickness may 
have accounted for some of the differences. 

Considerable scatter- was noted between the values of 
replicate specimens from certain of the alloys for which valid 
values were obtained, particularly alloys I 5 - 5 PH-B 9 OO and 
HII 5 OM, 431-HT125 and AM355-SCT 1000. 
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Coniparison of results for specimens of the three 

orientations (L-T, T-L and S-L) shows that Kj^ was generally 

highest in the longitudinal (L~T) direction and lowest in the 

long-transverse (T>'L) direction. One exception to this was the 

431“Hrl25 steel for which the short-transverse (S-L) value was 

definitely lower than the long- transverse (T~L) value. 

C. Titanium 6 a1-4v allow 

The results of tests in the long-transverse (T-L) 

orientation determined for each of the forged bars with 0.5^ 

1.0 and 1.5" thick compact tension specimens are summarized in 

Table XII. All of the tests with l" thick specimens yielded 

valid Kt values, but the values were below those sometimes 
ic 

achieved with other forgings of this alloy (60 to 80 ksiVIn. ). 

Values obtained with the 0.5 and I.5" thick specimens showed that 
for the alpha-beta forging, the Kjo values were nearly independent 
of thickness, with the value for the 1" thick specimens being on 
the high side of the range. For the beta forging, the value for 
the 0.5” thick specimens clearly underestimated KIq,’ the value 
of the 1" thick specimens may have overestimated Kjq as the result 
for the 1-1/2“ thick specimen, the largest which could be obtained 
from the material, indicated a lower 

These data are in line with general e^erience in that 
beta forged material characteristically develops a higher Kj^ 
than alpha-beta forged material, but as indicated above the value 
for this beta forged sample is below that usually obtained (6O-8O 
ksi VIn. ) . 

Because the stress corrosion tests utilized 1" thick specimens. 
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the values from tests of that size of specimen ’’vere used in 
the analysis of test data. 

VI. RESULTS OF STRESS CORROSION TESTS OF ALUMBTOM AliLOYS 
A. Tests with Smooth Specimens 

The purpose of these tests was tv7of old : (1) to compare 

the performance of the particular lots of plate procured for the 
contract with that previously established for the respective alloys 
and tempers, and (2) to provide a base-line for comparison with 
the data obtained with precracked specimens. 

1 . Atmospheric Exposures 

Seacoast and inland industrial atmospheric exposures have 

completed about three years at this writing, and the exposures 

will be continued for at least a 4 year period. Lists of the 

specimens and the f''ilures to date are given in Tables XIII and 

XIV. These data are consistent with other outdoor tests of 

f22 54) 

products of these alloys'- , and will be used for reference in 

interpreting the accelerated test results . 

It is evident from a comparison of the number of days to 
failure of the short -transverse specimens stressed at 27, 20 and 
10 ksi that the seacoast environment is more aggressive in causing 
SCO than the inland industrial atmosphere. As anticipated, there 
have been no SCO failures of the short-transverse specimens from 
the group of highly resistant alloys. Like\>rise, there have been 
no SCO failures of the longitudinal specimens of any of the alloys. 
However, longitudinal specimens of certain of the low resistance 
alloys were removed from the seacoast exposure because of severe 
exfoliation, as noted in Table XIII. 


2 . Alternate Immersion In 3 . 5 ^ Had Solution 
a. Longitudinal Specimens 

None of the longitudinal specimens failed during the 84 -day 
exposure, again verifying the high resistance to SCC that is 
characteristic of aluminum alloy products when stressed' parallel 
to the longitudinal direction of the grain structure. 

Tensile tests were made on the exposed specimens, and the 
per cent decrease in tensile strength calculated in comparison 
with unexposed specimens . These data are given in Table XTT. 

Inasmuch as the applied stress did not appreciably increase the 
corrosion damage to specimens of any of the alloys, the data for 
unstressed and stressed specimens were combined to make a comparison 
of the general resistance to corrosion of the alloys. Vihen the 
alloys are listed in order of increasing per cent loss in tensile 
strength caused by corrosion, they fall into five groups that can 
'De related to the increasing copper content of the alloys. The 
grouping shown below is a typical representation of the inherent 
resistance to corrosion of the alloys in relatively corrosive 
marine environments . 

Loss 


Alloy 

% Cu 

in T.S 

5 ^ 56 -H 117 , 606I-T65I 
and 7039-T65I 

0-0.3 

0 

7079 -T 651 

0.8 

5-7 

7075-T65I, T 7351 

1.8 

8-15 

2014-T65I, 2021- t81, 
2024-T85I, 2219-T87 

4 . 2-6 . 4 

15-24 

2024 -T 351 , 2219- T 37 

4 . 2 - 6. 4 

26-53 


liowever, such ratings are influenced by the temper and the environ- 
ment and should be used v;"ith caution. For example, in the seacoast 


/ 
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atmosphere the relative resistance of 7075 -T 65 I was similar to 
that of 202^-T351 2219-T37 and was very poor because of 

exfoliation corrosion (Table XIII) performance of those alloys . 

b. Short-Transverse Specimens 

A listing of the short-transverse specimen failures and 
the times to failure is given in Table XVI. The performance of 
the alloys V7ith low resistance to SCO generally was in line with 
the performances in the atmospheric exposures . The slightly 
better performance of alloy 7039 -T 655 I was not unexpected because 
it has been observed previously that the alternate immersion test 
may not be as critical for copper-free 7X^<X type alloys as an 
industrial atmosphere ^ ^ ^ ' 

A number of short -transverse specimens from the group of 
alloys with high resistance to SCO fractured, when stressed at 75^ 
of the yield strength. These failures were of alloys that have 
relatively low resistance to pitting corrosion in this test environ- 
ment, and thus, there is a, possibility that some of the fractures 
may have resulted from reduction of the cross-section of the 
specimens by corrosion (Refer to Fig. 8). Therefore j all of the 
ten failures from this group of alloys were examined metallographically 
to determine the cause of failure. Intergranular stress-corrosion 
cracking, illustrated in Figure 17j occurred only in the three 
2024 -T 85 I specimens stressed at 75 % T.S, The single 2024-T851 
failure at 25 k^si and the three 2021 -t8i specimens at Y.S. 
revealed only deep directional pitting with no secondary cracking. 

In the case of alloy 2219“T87 deep directional pitting was observed 
with short transgranular cracks emanating from occasional sites 
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of pitting (Figure 18). The single 7075“T7551 failure (Figure 19) 
showed deep, rounded pitting with mixed mode (predominantly 
transgranular ) cracks emanating from many of the pits. Fracto- 
graphs of these transgranular cracks are shown in Figure 20. The 
crack sia*faces were similar in the two alloys except that there 
was a greater tendency for branching in the 7075“T7351 all(^. On 
the 2219-T87 fracture there are a few beachmarks near the crack 
tip and sites of corrosive attack adjacent to rounded particles of 
constituent. These transgranular cracks, which are not typical 
stress-corrosion cracks in aluminum alloys have a striking 
resemblance to fatigue and corrosion fatigue cracks; see references 
35# 36 and 37. Additional studies are being made to try to reproduce 
these cracks with other types of loading. No cracks of this type 
occurred in the precracked specimens (See Section VI-D)o 

3. Continuous Imn^rsion in Salt-Dichromate-Acetate Solution 
Exploratory tests of less corrosive solutions than 3*5^ 
sodium chloride to use with precracked specimens (Section VI- Bl) 
led to the choice of an inhibited solution containing 0.^ (3*5^) 

Naci + 0.02M Na2Cr20y + 0.07M NaC2l^02 ■+* HCgl^Og to pH 4. In this 
solution see propagated rapidly in all of the alloys in the low 
resistance group. Therefore, a set of the smooth tension specimens 
was exposed to this solution to determine whether SCC would initiate 
readily. Specimens were continuously Immersed for 90 days (2l60 
hr.); the same as the precracked specimens. No appreciable 
corrosion occurred with any of the alloys, with the surfaces of the 
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specimens remaining bright .md shiny. A summary of the stress 
corrosion failures is presented in Table XVII. 

Only one short -transverse specimen fractured in the group 
of high resistance alloys, and that was a 7075~T7351 specimen 
stressed at 75$^ Y.S. However, metallographic examination (footnote 
3, Table XVII ) indicated it most 3,ikely resulted from reduction of 
the cross-section at a single pit, rather than by stress-corrosion 
cracking . 

In the group of low resistance alloys, specimens of sensitized 
5456 failed rapidly (within 1-2 days) at all stress levels including 
10 ksi. Specimens of the Al-Zn-r% alloys 7039 ~t 6351^ 7075“T653. 
and 7079 -T 65 I failed at 75/^ Y.S. and at 27 ksi but no'c at 10 ksi; 
the most rapid failures (4 days) in this group were of 7039-T6351 
stressed at 75^ Y.S. During the 90-day exposure stress-corrosion 
cracking initiated in only one specimen of the three low-resistance 
Al-Cu alloys ( 2014 -T 651 , 2024-T351 and 2219-T37 )j and that was a 
specimen of 2219-T37 stressed at 27 ksi that cracked on one shoulder 
in the crevice under the protective coating; none failed at 10 
ksi or at the highest stresses of 75?^ Y.S. 

Onder the test conditions employed the salt-dichromate- 
acetate solution does not appear to be suitable for testing smooth 
specimens of a variety of aluminum alloys. However, in view of 
the rapid SCO velocity observed T-n.th pre cracked specimens of all 
of these alloys in this solution it appears that some modification 
of the procedure could be found that would enhance the initiation 
stage and make this solution useful for smooth specimens, yor 
example, Helf rich (38) found that a somewhat similar solution 
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was effective for smooth specimens of a variety of alleys provided 
the solution was at am elevated teioperature and the specimen surface 
= was given a caustic etch. Con 5 >arleop of the performance of these 

smooth specimens with that of the precracked specimens presented 

/ 

In Section VT-B Indicated a similarity In the relative performance 
of the various alloys, 

> These test results illustrate the ultimate need of accelerated 

1 

tests that realistically relate to Intended service conditions. 

For service In atmospheric environments an 84-day exposure to 3*55^ 
NaCl by alternate Iramerslon relates better than an 84-day period 
of continuous Immersion In the salt-dlcbromate-acetate solution 
(other tests at ARL have shown that the results are not Improved 
when specimens are exposed to this solution by alternate Immersion). 

On the other hand a high resistance to SCO In the atmosphere Is 
not a reliable criterion of serviceability In special chemical 
environments such as inhibited red fuming nitric acid (IHPKA)' \ 

B. Tests with Bolt Loaded Precraeked Specimens 
1, Exploratory Testa 

i Because of the relatively limited amount of available 

Information on the optlrnira techniques for testing the materials 

! 

In this program with precracked specimens, exploratory tests were 

•I' 

performed to determine certain of the procedures to be used. 

I a. Accelerated Test Media 

i 

I Previous tests at Alcoa Research laboratories with bolt- 

] loaded con^ct tension specimens immersed in 3*5^ NaCl solutlon^^^ 

have revealed two problems: (a) relatively slow SCO growth rates, 
with uncertainty In detecting arrest, and (b) difficulty In 
measuring crack lengths because of corrosion on the sides of the 

J 


specltoens. 

Although there are several variables that sboizld be 
investigated in order to develop an optlnnaa accelerated test 
procedure, most of these involving such things as specimen 
configuration, loading system, etc., can best be evaluated after 
a suitable corrodent is chosen. Therefore, a preliminary program 
of tests was undertaken to evaluate a number of test media based 
on a search of stress corrosion literature. 

Because it Is knovn that the effectiveness of an environment 
can vary markedly with alloy type, two susceptible alloys, 2024-T551 
and 7075”T651, with different electrochemical characteristics were 
selected for comparing three control solutions and nine experimental 
solutions. The nine experimental solutions are types that have 
been reported in the literature for use with smooth specimens. 
Basically they repz*esent 3*5 per cent sodium chloride solutions 
with the addition of chromate, nitrate or sulfate. 

Duplicate 3-L compact specimens were bolt loaded to develop 
a precrack in tension and an initial stress-'intensity (k:X|^) at 
or near ("pop-in”) and exposed by continuous immersion. A 
few drops of the test solution were added Just prior to the final 
stage of the precracking. Crack lengths were then measured on 
the specimen surface and the specimens partially Immersed in the 
solution without delay. The specimens were placed on end with the 
precrack extending dcfwnward and the water-line at the tip of the 
chevron. Frequent msasurements of the pH of the solution and 
Inspections of the specimens were made. The specimens were 
periodically removed frcmi the solution for measurement of the crack 
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lengtb at 20X magnification. Plots of crack growth verstis exposure 
time are shown in Figure 21 for each of the solutions. 

(1) Control solutions 

The crack growth noted on the 7075*"T651 specimens continuously 
immersed in 0,6 m (3.55^) NaCl was similar to that noted previously 
in this solution^^^^ . DSe of synthetic seawater did not affect 
the rate of crack growth appreciably though it did reduce somewhat 
the amount of general corrosion of both alloys. In distilled 
water, very slow crack gi?owth occurred in 7075“T651 after a two 
week incubation, but no growth occurred in 2024-T351 during the 
entire 140 day period of exposure. None of the specimens that 
developed cracks in the control solutions shoved definite arrest. 

' 2^ Experimental Solutions 

The objective of these tests was to find a solution which 
would cause faster crack growth, with less general corrosion than 
the sodium chloride solutions in order to: 

1. obtain a rapid test with convenience for measuring 
crack growth, and 

2. minimize extraneous effects from entrapped corrosion 
products, thereby increasing the possibility of 
obtaining an arrest. 

In the four solutions containing chromates or dichromates 
there was negligible surface corrosion and the crack was always 
readily visible on specimens of both alloys. Considerable corrosion, 
including some exfoliation, occurred in the solution containing 
nitrate, and plating of copper on the specimen occurred In tlie 
solution with sulfate. Consequently the latter two solutions 
were objectionable from the standpoint of general corrosion. 


As can be ceen In figure 21 , the most rapid crack growth 
consistently occurred In the two acidified chlorlde-dichromate 
solutions and in the acidified chloride-nitrate solution. Although 
the more strongly acidic (pH 1.3) chlorlde-dichromate solution 
(included to provide an extreme condition) caused the fastest 
cracking. It was ruled out as a corrodent for general use because 
of the tendency for severe crevice corrosion and previous e:q)erlonc 0 
(with smooth specimens) has shown that it does not realistically 
reproduce service performance and atmospheric test data on certain 
alloys In the neutral sodiunrohromate solutions crack growth 

was erratic and not reproducible with duplicate specimens of 2024- 
T351 alloy. The acidified chloride-nitrate solution caused 
excessive general corrosion. 

The solution that appeared most favorable from all aspects 
was the chloride-dlchromate-acetate solution at pH 4, This solution 
appears to be well suited for use with both 70T5“T651 and 2024^T351 
alloys. A final pilot test was performed in this solution on 
seven additional alloys and tempers, further demonstrating the 
suitability of this corrodent. A more complete description of 
the results of these e^q>loratory test results is given in the one 
year suniaeiy report 

Two noteworthy observations were made as a resvilt of these 
experimental tests in the various corrodents. The first is that 
with high initial stress-intensities near veiy long cracks 
propagated through almost the entire width of the specimen. Such 
long crack lengths Invalidate the calculation of a residual stress- 
intensity. Consequently, either lower initial stress-intensities 
or some other specimen configuration will have to be used in order 


to obtain a value of by the arrest method. 

The second observation is that the cracking did not always 
develop simply as an extension of the mechanical p 2 ?ecrack, but 
often initiated at other sites (Figure 22). Cracks tended to 
develop at the edge of the crack tip plastic zone; i.e., the 
plastically deformed metal around the tip of the cracky particularly 
for alloy 2024-T351- This multiplicity of cracking probably 
accounts for the slower and somev^hat more erratic crack growth 
that was noted on 2024-T551 compared with 7075 ~t 651 and also 
invalidates calculation of a final stress-intensity. 
b . Specimen Configuration 

The three types of specimens used in these tests are shown 
in Figure 11, Several G-I. specimens of each of the three types 
were precracked in tension by loading with a single bolt up to the 
point of initial cracking (pop-in). The actual load applied to 
the specimen is not knoi-m, but it was assumed that the resultant 
was slightly less (i.e.j about 95“10C^) than Kj^. Specimens 
vrere partially immersed as described previously in the salt- 
dlchromate-acetate solution and in 3*5/^ FaCl solution. In addition, 
some tests were conducted by introducing several drops of 3 * 5 ^ 

Wad solution into the cracks in the Boeing DCB specimens three 
times a day by the Boeing test procedure. 

A comparison of the crack growth for the three specimen 
types in the salt-dichromate-acetate solution is illustrated with 
7075 -T 65 I alloy in Figure 23. A similar comparison was obtaii^ad 
for alloy 2024-T351* For "both alloys, the initial crack gro^ffch 
rate was about the same for all three specimens, but for the DCB 
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specimena there vas a distinct leveling off or deceleration in 
crack: growth In the range of 400 to 1000 hours followed by an 
acceleration to almost the original crack growth rate. This 
behavior suggests that an arrest vas being approached but that 
this tendency was over-rlden by an artificial increase in the 
stress intensity resulting from corrosion product building up in 
the crack after prolonged exposure. Thus, the longei- :jrack growth 
possible in the DCB specimens does not clearly represent an 
advantage for the use of this specimen in determining 

A comparison of the crack growth in Boeing DCB specimens 
in three environmental conditions (Figure 24 ) shows for both 
2024-T351 ajid 7075“ T65I alloys that the rate of crack growth 
increased in the order: ( 1 ) immersion in 5*5/^ NaCl, ( 2 ) immersion 
in salt-dlchromate-acetate solution, and (3) Nad added drop- 
wise to the precrack three times a day (Boeing jcedure). 

Tests were made of S-L compact tension sj>ecimens of various 
thicknesses of 2024-T351 and 7075“T651 alloys to determine the 
effect of deviating from plane strain into mixed-mode stress states. 
Duplicate specimens bolt loaded to pop- in were exposed to the 
salt-dlchromate-acetate solution, Graphs of the environmental 
crack growth are shown in Figure 25. Thare did not appear to be 
any appreciable effect of the specimen thickness on the crack 
,^rowth rate for either alloy. It is clear that stress -corrosion 
cracking in these altMlnum alloys is not a "plane-strain” phenomenon 
and that meaningful indications of crack growth rate at given 
K- levels ciui be obtained on relatively thin specimens. 
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likewise found no effect of specimen thickness 

on ?vj-rate behavior of S~L specimens machined from 7079 ~t651 

plate. rCB specimens ranging in thiclmess from 1 in. to O.O 5 O in. 

were bolt loaded to pop- in and e:qposed by vetting the precrack 

three times a day ^d.th 3*5^ NaCl solution. 

c , Tension vs . Fatigue Pre crack 

The surface of a fatigue crack is readily distinguished 

visually from that of a tension fracture. Also, with a properly 

controlled fatigue precrack the crack front through the thickness 

of the test specimen is straighten and the plastic zone is smaller 

than for the tension precrack. Fence ^ the fatigue precrack is 

preferred for fracture toughness testing, and this type of precrack 

was chosen for the general program of stress corrosion testing by 

the fracture mechanics approach . 

Tension precracking was used for the exploratory tests 

desc:£lbed above as an expediency to save time. Previous exploratory 

( 12 ) 

tests reported in the one year summary report showed that 
for an alloy with low resistance to SCC (7075"T651) the environ- 
mental crack growth tended to be slightly faster for S-L compact 
tension specimens precracked by tension than when precracked by 
fatigue . The average crack growth rates sustained over the first 
1000 hours of irntriersion in 3*5^ FaCl \>ra.3 4 x 10'“^ in. /hr. for 
specimens bolt loaded to pop- in and 2 x 10“'^ in. /hr. for fatigue 
precracked specimens bolt loaded to 90% of Kj^. Although the 
initial stress intensities may not have been identical, the growth 
rates were constant after the first 100 hours of exposure and 


OT- 


Independent of the decreasing stress Intensity, Additional 
comparisons of the effect of type of precrack on the environmental 
crack growth In alloys with high resistance were obtained In 
subsequent tests In the general program (Section VI-B2-b(2). 

d. Method of Loading 

The use of two loading bolts bearing against each other, 
instead of one bolt bearing against an alumlmon surface, requires 
less effort to start a tension crack (pop-ln), especially with 
the coopact tension specimen which has a chevron notch. Because 
the operator has a better "feel" of the pop- in there Is less 
likely to be a Jump when the first evidence of mechanical crack 
growth is noted, and Ki^ probably will approach more closely the 
limiting stress intensity factor for the particular test specimen 
than when one-bolt Is used. 

To check the environmental crack growth with 2-bolt loading, 
two DCB specimens of 70Y9“T651 and one conpact specimen each of 
2219“T87 and 7075“T735i were tested. The results shown in Figures 
26 and 27 indicate a higher rate of initial crack growth with 
the 2-bolt specimens, 

2, Performance of Compact Tension Specimens 

Replicate specimens loaded to several nominal stress Intensity 
levels were exposed to the salt-dichromate-acetate solution and to 
the atmosphere at the seacoast and at an Inland Industrial location 
to determine comparative threshold stress intensities for 

the various alloys. Most etsphasls was placed on short-transverse 
(S-L) specimens although longitudinal (L-T) specimens also wfi>re 
included. A coaplete listing of all of the specimens and the 
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detalled data are given In Tables D-1, I>2 and D-3 In the Appendix. 

a. Longitudinal (L-T) Testa 

(1) Atmospheric Exposures 

No crack growth was visible on any of the high resistance 
alloy specimens loaded to 93 ^ after 19 months at the seacoast 
and 18 months at the inland industrial location. On certain of 
the low resistance alloys, however, slight crack growth was observed 
after relatively short times. Crack extension of about 0.01 In. 
was noted (after 8 months In the industrial atmosphere) on one of 
the two specimens loaded to 95^ Kt_ of alloys 7039”T6351 7079” 

T651. These and all of the other L-T specimens are continuing In 
the industrial atmosphere with no crack growth Indicated in emy 
other specimens to date (18 months). After 5 months in the seacoast 
atmosphere, crack growth was noted in one specimen of 2014-T651 
and in all three specimens of 2219-T37. The specimen of 2219“T37 
with the most growth (0.12 In.) was removed for metallographlc 
examination. The SCC was shown to be branching because of the 
recrystalllzed grain structure (Figure 28; refer also to Figure 1) 
and did not remain in the plane of the precrack. All the other 
L-T specimens are continuing In the seacoast atmosphere with no 
crack growth Indicated In any other specimens to date ( I8 months ) « 

(2) Immersion In Salt-Dlchromate-Aoetate Solution 

No crack growth was visible on the exterior surfaces of 
the specimens of any of the high resistance alloys, and only a 
slight amount Indicated for those of the low resistance alloys. 

After about 90 days the exposures were discontinued and the residual 
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stress intensities (Kj^) determined. Also, single fatigue 

precracked specimens exposed without any applied load were 

tension tested to determine the effect of the exposure on the 

sti*ess intensity at fracture in air (Kr ). All of these Kj values, 

expressed as per cent of Kj . are summarized in Table XVIII. 

c 

The Kj^ data were erratic and of questionable significance. 

I'/hen valid tests were obtained the values were fairly close 

to Kt^, indicating that the 90 day exposure -under no load 
c 

apparently had no appreciable effect on the intrinsic fracture 
toughness of the alloys. 

The residual stress intensities in all cases were lower 
than the applied values, as would be expected if crack growth had 
occurred. However, the data in Table Xl''III show that the amoxmt of 
reduction of was not governed by the amount of crack growth. 

Three types of performance were noted with the various alloys : 

(a) no crack growth for alloys 5^56“H117# 6O6I-T65I and 7075”T7351> 

(b) small amount of in-plane crack growth at the interior of 
specimens of 2219 ~t87, 2021 -t 81 and 202A-t851; this extension of 
the precrack was corroded and resembled ductile tension fracture 
rather than SCO, and (c) small to large amounts of SCO in planes 
perpendicular to the precrack for specimens of the low resistance 
alloys. A photograph of a representative group of fractured specimens 
is shown in Figure 29. It is evident from these data that the 
degradation of the applied stress intensities was of about the same 
order regardless of whether SCC had occurred. In fact, it appears 
that corrosion was not even involved for alloys 5456- H117 and 606I- 
T65I, and that the reduction In probably was the result of 


relaxation or creep. 


(3) Evaluation and Interpretation of Longitudinal Tests 

The L-T compact tension specimens showed a high resistance 

to see even though a reduction of the applied stress intensity 

was noted at the end of a 90~day exposure to the salt-dichromate- 

acetate solution. Meaningful estimates of Kj for the various 

see 

alloys cannot he made because of the wide variation in the 
values irrespective of the presence of corrosion or SCC. The 
average rate of environmental crack growth for all alloys in the 
accelerated test was very low (approx. lO"^ in. /hr.) and of 
doubtful significance because of mechanical extension of the 
precrack in some cases, and when SCC occurred, it was usually 
perpendicular to the plane of the precrack. Wacker and Chu^^^^ 
noted a similar behavior of L-T cantilever beam specimens machined 
from rolled plate of alloys 7039 -t64, 7002-t 6 and X7106 -t 63. In 
the specimens from the recrystallized 2219-T37 alloy plate with 
a less directional grain structure branching SCC progressed more 
or less in the plane of the precrack (Figure 28) and the average 
rate of crack growth was about 10"^ in. /hr. in the salt-dichromate- 
acetate solution and lO''^ in. /hr. In the seacoast atmosphere. 
b. Short -Trans verse (S~L) Tests 
(1) Atmospheric Exposures 

Five,' specimens of each alloy, four loaded to 95^ Kjq and 
one with no load, were exposed at the two atmospheric test sites. 

In addition, for the low resistance alloys subsequent exposures 
were made of two specimens loaded to 75^ two at 50^ Kic 
one more with no applied load. 
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(a) Seacoaat Atmosphere 

see started quickly in specimens of the low resistance 

alloys at all applied Kj levels. The cracking propagated 0.2 

to 0.9 in. within three months, with an average velocity of about 
—4 

1 to 4 X 10 in. /hr. depending upon the allqy and, to a lesser 

extent upon Exposure of all of the S-L specimens of the low 

resistance alloys was discontinued at the end of 8 ,^ months. 

Details regarding crack lengths, final Kj values, etc. are given 
in Table D-1 of the Appendix. 

values for these alloys in the seacoast atmosphere 
obviously is less than 50^ and undoubtedly is very low. If 
they do, in fact, exist. Evidence of this for certain of the 
alloys was indicated by the Initiation of small stress corrosion 
cracks in specimens with no applied load, as shown in Figure 30. 

The stress responsible for initiating these cracks presumably was 
developed by wedging action of small amounts of corrosion product 
formed on the faces of the fatigue precrack. (Residual stresses 
in mechanically stress-relieved plates normally are very low and 
would not be expected to be a factor in these tests). 

The performance of the high resistance alloys was markedly 
s\:^rlor to that of the low resistance alloys. NO crack growth 
was discernible on specimens of 5456-HL17 and 6O6I-T65I after 
24 mo. exposure although the stress intensities determined on 
specimens removed after 8.3 mo. showed a slight reduction; this 
reduction probably was due to plastic deformation during application 
of the bolt load. The other four alloys showed small amounts 
(0.04 - 0.08 in.) of environmental crack growth that Initiated 
after 3 to 8 mo. and was accompanied by an appreciable drop from 


-42- 


the applied stress intensity as shown by the values in Table 
D-1. The average crack growth rate ranged from 5 to ^0 X 10 ^ 
in. /hr.; however, metallographic examination of single specimens 
removed at 15 mo. revealed the cracking to be intergranular SCO 
only In the case of 7075“T7351 (Figures 51, ?2) and transgranular 
tensile fracture in the case of 2021 - t81, 2024-t 851 and 2219 ~t 87. 
Extending beyond the transgranular crack tips were discontinuous 
steps or jogs where small voids had nucleated in stringers of 
brittle Intermetallic compoiinds (Figure 53)* All of the crack 
surfaces were covered with corrosion products, indicating that 
the environmental cracking was tension fracture caused by corrosion 
product wedging. Fractographic examination was impracticable 
because of the corrosion of the fractures. 

(b) Industrial Atmosphere 

see started quickly in specimens of 7075 ~t 651, 7079“T651^ 
and 7059 -T 635 I at all applied Kj levels and propagated at about 
the same rate as in the seacoast atmosphere, see also initiated 
rapidly in the 5456- Sens, specimens but the propagation rate was 
about 1/10 of that in the seacoast atmosphere. SCe growth in 
specimens of 2219“T37j 2024-T351 and 2014 -t 651 was not evident 
until after 3 to 12 mo. and cracking then propagated at about 
10~5 in. /hr., which was about 1/10 of the velocity in the seacoast 
atmosphere . 

Kjgcc i*or S-L specimens of the low resistance alloys in 
the industrial atmosphere also is less than 50 ^ Kt„ and may not 

w 

be very different from values in a seacoast atmosphere, particularly 
for the 7 XXX-t 6 alloys. Small stress coirosion cracks were present 
at the tip of the precrack in a specimen of 7039“T6351 that was 
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fractured after exposure at no load for 12 mo. 

None of the four S-L specimens of each of the high resistance 
alloys loaded to 95^ showed any surface crack extension at the 
end of 12 mo. when duplicate specimens were removed for tests of 
Kj^. Although slight crack extension was evident on the fracture 
surfaces of the 22 I 9 -T 87 , 2021-T81 and 2024-T851 specimens, the 
fractures were corroded and the crack growth again was probably 
caused by corrosion product wedging. Metallograjh Ic examination 
of a third specimen of each alloy removed after I 8 mo. exposure 
revealed transgranular cracking similar to that shown in Figure 33* 
The average rate of extension at the interior of the specimen was 
about 8 X 10 ° in. /hr., similar to that at the seacoast. The fourth 
specimen of each alloy still showed no visible crack growth at the 
surface after 28 mo. 

(2) Immersion in Salt -Dichromate-Acetate Solution 

Specimens of the high resistance alloys were loaded to 

pop“ln, and to 95 and 75^ of Kj ; specimens of the low resistance 

c 

alloys were loaded to 75, 50 and 25?^ Kt„* Exposure periods in this 

c 

accelerated test medium were intentionally extended for longer 
periods than thought necessary for two reasons: (1) to observe 
slow-start cracking and (2) to observe anticipated corrosion-wedging 
effects. The occurrence of corrosion-wedging effects, of course, 
complicates the interpretation of the test results, but this was 
considered necessary in order to decide upon an optimum period of 
exposure for future testing. Identification of the specimens and 
the detailed Information regarding their exposure is given in 
Table D-3 of the Appendix. 


Graphs of environmental crack growth for each alloy are 
presented in Figures Additional graphs with crack growth 

rate (da/dt) plotted as a function of stress intensity are presented 
in Figures 39-^3. The latter graphs were derived from the first 
set by determining the slope of constant regions of the crack 
growth curves and calculating the stress intensity factor (assuming 
a constant COD) for the crack length at each end of the region of 
the constant slope. The K-Rate graphs when read from right to 
left illustrate how the crack velocity varied with the decreasing 
stress intensity. Theoretically, for constant deformation loaded 
specimens such as these, increases in crack length will result in 
decreases in both stress intensity and in crack growth rate. "When 
the crack growth rate drops to zero, the threshold stress Intensity 
for environmental cracking under the conditions of test will be 
realized. This theoretical relationship is Illustrated by graphs 
such as those in Figure 41. The normal type of graph was not 
obtained in some cases because of corrosion of walls of the crack. 
The salt-dichromate-acetate solution causes aggressive crevice 
corrosion in copper containing 2XXX and 7XXX alloys, resulting in 
exfoliation of susceptible alloys such as 2219-T37, 2024-T351 
7075“T651. The formation of insoluble aluminum oxide corrosion 
products in the crack causes an increase in the wedge-force crack 
opening load, and from that point on the behavior does not follow 
the theoretical trend. The evidence of such effects can be seen 
especially in Figures 39 and 40, and because of this effect it was 
necessary to construct ’estimated true curves", excluding corrosion- 
wedging effects . 
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Several types of characteristic graphs were exhibited by 
the various alloys and tempers, as shown In Figure 45. It la 
apparent that specimens of the low resistance alloys developed 
much higher SGC growth rates and much lower threshold stress 
Intensities than specimens of the high resistance alloys, A 
sunsnary of the threshold stress Intensities and the highest sustained 
initial crack velocities derived from these graphs Is given In 
Table XIX along with similar data for specimens exposed to the 
seacoast and the Inland Industrial atmospheres. 

Environmental crack growth In the high resistance alloys 
Initiated sooner and propagated more rapidly when the precrack was 
produced by tension and the specimen loaded to Just under pop- in 
than in fatigue precracked specimens loaded to 95^ Kj. as shown 
In Figure 38. This difference In behavior may be related to the 
larger plastic zone at the tip of the tension precrack causing 
fracture of brittle alloy constituents and thereby stimulating 
crack growth. 

(3’) Evaluation and Interpretation of Short -Transverse Tests 

Specimens of alloys from both the low resistance and the 
high resistance groups were photographed to show typical forms of 
environmental crack growth In all three of the test environments 
(Figures 44 and 45). The fatigue precracks generariy were fairly 
straight or slightly convex for the harder alloys (see also Figure 
50); they were Irregular or slightly concave for the tougher lower 
strength alloys such as 5456-H117» 606I-T65I, 2024-T551# and 
2219-T57. Although the environmental crack growth tended to extend 
In a front parallel to the front of the precrack, there were 

exceptions with some alloys and environments. Generally, the 
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envlronmental crack front had a convex front, but in some cases 
the cracks were longer at the surface than at the Interior. The 
most erratic crack growth occurred in alloys such as 2024-T351# 
2219-T37 and 5456- Sens. 

Painstaking examinations of specimens of the high resistance 
alloys were required to determine whether the relatively small 
amounts of environmental crack growth (Figure 38) and the degradations 
in the applied stress intensities were the result of stress -corrosion 
cracking. Corrosion was present all along the precrack and had 
progressed to the tips of the crack extensions with considerable 
corrosion product being formed on all of the alloys (less on the 
specimens of 5456- H117 and 606I-T65I). Thus, there was ample 
opportunity for corrosion product wedging to cause a gradual 
increase in the stress intensity at the crack tip. Mechanical 
extension of the precrack appeared to be advanced by the brittle 
cracking of alloy constituents strung out in the plastic zone 
ahead of the crack tip, as shown in Figures 33 and 46. For alloys 
with a high resistance to SCC, crack propagation could be entirely 
by this mechanism, as was observed for 2021-t81 and 2219-T87, or 
by a combination of this mecheuiism and Intergranular SCC, as was 
observed for 7075“T7351 and 2024-T851 (salt-dichromate-acetate 
solut ion ) . 

A comparison of the performance of the various alloys In 
the salt-dichromate-acetate accelerated test and in the atmospheric 
exposures is shown by the data summarized in Table XIX, Comparison 
of the average initial SCC velocities at an applied Kj of 95^ 
shows that the velocity differs with the environment. Also the 
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relative ranking of the lov resistance alloys differs with the 
environment. For example, while the SCO velocity of 7079"T651 
v;as four times that of 2014 -t 651 in the seacoast atmosphere, it: 
was 100 times faster in the industrial atmosphere. The velocity 
of SCO in 7079“T651 (and other 7XXX-T6 alloys) was about the same 
in both environments but the SCO growth rate of 2>0CX alloys was 
markedly less in the industrial atmosphere. In the accelerated 
test, where the rates are about ten times those in the seacoast 
atmosphere, SCO propagated about ten times faster in 7979"T6 than 
in 2014 -T 65 I. 

The accelerated tests in the salt-dichromate-acetate 
solution provided a good distinction between the high resistance 
and the low resistance alloys, and ranked the various low resistance 
alloys in approximately the same order as the seacoast exposure. 

The length of exposure of bolt loaded specimens in this solution 
should not exceed about 500 hr. to avoid the occurrence of excessive 
corrosion in the pre crack. 

3. Performance of Boeing DCB Specimens 

A set of Eoeing rCE specimens was exposed to each of the 
test environments used for the compact tension specimens and to 
3.55o sodium chloride dripped into the precrack in the manner used 
by T^'att^^^^. Although most of the tests were made with short- 
transverse (S-L) specimens oriented as shown in Figure 9 , limited 
tests were performed also on longitudinal (L-T) specimens. All 
specimens were loaded to pop-in, with a single bolt. A complete 
listing of all of the specimens and the detailed data is given in 
Tables ]>5 and D-6 in the Appendix. 


a. Longitudinal (L-T) Testa 

L-T specimens of 2219~T37 and 7079 ”T 6 alloys were exposed 
in each test environment. These tests were unsatisfactory because 
SCO generally tended to proceed out of the plane of the precrack: 
and go to one side of the specimen, or cracks would initiate In 
the bolt hole as shown in Figure 47. 

b. Short-Transverse (S~L) Tests 

(1) Atmospheric Exposures 

The performance of DCB specimens of the various alloys In 
the outdoor tests Is illustrated by the environmental crack growth 
curves In Figures 48 and 49. A summary of the average Initial 
crack velocities are given in Tabia XK, and these results may be 
compared with the test results given in Table XIX for fatigue 
precracked compact tension specimens. The average initial environ- 
mental crack growth rates for the DCB specimens precracked in 
tension and loaded almost to pop- in were as high or higher than 
for compact tension specimens precracked by fatigue and loaded 
to 95^ of Kj . Small amounts of crack growth in specimens of the 
high resistance alloys occurred in the atmospheric exposures, and 
metallographic examinations were performed to determine the type 
of cracking; these results will be discussed in the next section. 

(2) Accelerated Test Exposures 

The performances of the various alloys in the two accelerated 
test media are shown by environmental crack growth curves partially 
smoothed and plotted without data points in Figures 50 and 51. 
Considerable variation in crack length occurred from side to side 
and from specimen to specimen and this is shown by sample graphs 
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of the individual measurements for 2014-T651 and 7075“T651 alloys 
in Figure 52. 

In order to obtain K-Rate graphs, auxiliarj^ crack growth 
curves were x’urther smoothed so that slopes (da/dt) and Kj values 
could be determined au points along the curves selected in the 
manner described previously for the compact specimens . Kj values 
were calculated with Equation (7) given in Section III-D2, 
jnfortunauely when the DCB specimens were loaded the crack opening 
displacements fv) were not measured, so substitute values of V were 
determined on other replicate specimens . Pop- in experiments were 
performed on two replicates of each alloy with measuremerts of the 
specimen height being made before loading, after loading and after 
unloading. With one set of specimens India ink was introduced into 
the notch during pop-in to provide a marker of the crack tip. 

Crack lengths were measured on the surfaces of all specimens and 
they were then broken open. Crack lengths were measured on the 
fractures of those with the ink markers, but the pop-in crack length 
could not be distinguished on the specimens that had no markers. 
These data together with the V values and the calculated Kj, values 
are given in Table XXI. 

A certain amount of plastic deformation occurred during 
the pop-in of all alloys; it was very slight with some, but was 
considerable with the tougher alloys. More realistic values of 
(althoijgh still higher than Kj^ in most cases) were obtained 
when only the elastic portion of the total V was used, as may be 
seen in Table XXI, and therefore, the average values of V (elastic) 


were used for all calculations of Kj used for the K-Rate curves. 
The K“Rate curves were developed for only the portion of the 
crack growth curves up to the point when crack growth appeared 
to have ceased (less than 0.01 in. advance over a period of about 
200 hr. in the salt -di chromate-acetate solution or about 500 hr. 
in the 3 ^ 5 % RaCl test), or if there did not seem to be an arrest, 
to the point where it appeared that the influence of corrosion 
wedging had become dominant. The curves for all of the alloys 
are grouped in Figures 53 and 5^* 

Comparing these data for DOS’s (Figure 53} with that for 
compacts (Figure 45), the maximum crack growth rates agreed very 
well for the low resistance alloys, but for the high resistance 
2X50C-T8 alloys the rates were about twice as high with the DCB's. 
However, it was not possible to compare estimated threshold stress 
intensities because corrosion wedging prevented crack arrest in 
the DCS specimens loaded to pop-in. Because compacts wei^ loaded 
to several lower initial stress intensities, there was a chance to 
observe whether crack growth initiated at the lower values 
before corrosion wedging became dominant. Therefore, the data 
from the compact specimens provided better estimates of threshold 
stress intensity factors. This problem with the DCB’s in the 
salt-dichromate-acetate solution was not so troublesome with DCB’s 
exposed to the 3*5^ Nad added dropwise to the crack. The initial 
environmental crack velocities were similar to those in the salt- 
dichromate-acetate solution but the crevice corrosion did not 
proceed as rapidly with the plain salt 3o3.^jtlon and more complete 
K-rate curves could be obtained before corrosion wedging became 
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dorainant; canpare Figure 53 and Figure 5^- Threshold stress 
iiTcensities indicated in Figure 5^ and Figure ^5 agreed fairly 
well. The curves shown in Figure 5^ '’Ij^.o agree fairly well with 
those obtained by }$rati; ^ . 

c. Evaluation and Interpretation of the DCB Tests 
With the low resistance alloys both accelerated test media 
ranked the alloys similarly and about the same as the seacoast 
atmosphere, and there was no problem interpreting the test results. 
With the high resistance alloys, however, there was environmental 
crack growth in small degrees differing with the environment and 
the general resistance to corrosion of the alloy. Just as with 
the compact tension specimens discussed previously, there was more 
crack growth than would be expected for alloys such as 7075-T7351 
and the 2XXX-T8 alloys (Figure 55). Metallographic and fractographic 
examinations were performed to determine the mode of the crack 
growth. Typical intergranular SCC, as shown in Figure 56, was 
found only in specimens of 7075“T7351 exposed to the accelerated 
tesos and the seacoast atmosphere, and in specimens of 202 ^-T 851 
and 2021-t81 exposed to the salt-dichromate-acetate solution. Wo 
SCC was detected in the latter two alloys in the 3*5^ NaCl test 
or in the atmospheric tests . No SCC was found in specimens of 
2219 -T 87 , 6 O 6 I-T 65 I and 5 ^ 56 - 10.17 exposed to any of the test environ- 
ments. In the stressed specimens of these alloys corrosion penetrated 
to the tip of the precrack and mechanical fracture or tearing 
advanced through alloy constituents that cracked ahead of the crack 
tip, as shown in Figure 57 (also Figures 33 and 46). This mechanical 
fracture advanced slowly as Indicated by the severe corrosion of 
the fracture surfaces. 
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The measurement of the small amounts of crack growth on 
the sides of the specimens was difficult and may not be 
representative of the grovrth at the interior of the specimen. 

In cases such as the 2XXX-T8 alloys in the salt -die hromate- 
solution surface measurements gave an exaggerated indication of 
the true crack growth (Figure 44); whereas in most cases especially 
with tension precracks, the crack growth at the interior was greater 
than at the surface (Figure 55)* 

The occurrence of the mechanical crack extension as a 
result of crevice corrosion and corrosion-product wedging is an 
undesirable feature of tests with bolt loaded precracked specimens. 
Terminating exposures at *-bout 500 to 600 hours apparently would 
prevent corrosion wedging effects in the salt-dichromate-acetate 
test. However, the situation is more complex with the 5«5^ NaCl 
test. Wedging appeared to become dominant at about 200-300 hours for 
the high resistance alloys, but definite signs were not evident until 
about 1400 hours for the low resistance alloys (Figure 51). It 
nevertheless is likely that wedging also was influencing crack 
growth in the latter after about 200 hr. 

C. Tests With Ring Loaded Compact Tension Specimens 

The results of tests of short -transverse (S-L) compact 
tension specimens under ring loading are summarized in Tables XXII 
and XXIII. A bank of rings and the data logging unit are shown 
in Figure 13. Both load and crack opening displacement were 
monitored at 8 hour Intervals throughout the life of each test 
and a sample of these data is shown In Figures 14* and 15*. These 

♦Individual print-outs for each specimen are appended to the 
Master copy of this report. i 
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data were analy.- 2 ed with the equations and procedure described 
in Section 111-1)4. 

1 . General Observations 

Before discussing the data for individual alloys it seems 
appropriate to make some observations concerning the data in 
general. The calculated initial or applied stress intensity 
factors (Kij_) are usually not exactly equal to the target values 
because of the difference in the method used t;o determine tne 
initial crack length. The calculated crack lengths based on 
measurement of loe.d and COD provide an integrated average crack 
length, as opposed to an estimated value based on side measurements, 
and are considered more accurate. General corrosion of the crack 
faces usually destroys the definition of the end of the fatigue 
crack, but in the few instances that the end of the fatigue crack 
could be discerned, the Initial crack lengths were found to be 
very close to the calculated values. 

The crack length at fracture (which would normally be the 
end of the environmental crack growth) was usually clearly defined, 
and, in. general, the crack length measured on the fracture surface 
was close to the calculated value. Diffei^nces larger than about 
0.04 in. can be attributed to error in the calculated lengths due 
to long term drift in the clip gage readings. As expected, the 
stress Intensity level at fracture (Kj^) is usually equal to or 
somewhat greater than the ambient value, which provides ariother 
check on the data. It is not too surprising that the stress 
intensity at fracture may be greater than Kt because if plane 
strain conditions are not maintained, the specimen may be loaded 


This occurred 


to a stress Intensity level greater than Kj^. 
toward the end of many of the ring load tests . 

Insight Into the behavior of each specimen during the test 
can be obtained from the load and COD vs. time plots as shown In 
Figure 14. The load readings were quite stable and a decrease 
In load of even 2 or 3^ is indicative of an event. Therefore, 
load readings can be used as an indirect indication of crack 
growth. Sometimes, as shown in Figure 58 , there was considerable 
scatter in the COD data even though no crack growth occui’-red; this 
is probably due to thermal effects on the clip gage and long term 
creep . 

The time plots for certain specimens of 2021 and 2219 alloys 
show a temporary arrest in the crack growth as shown in Figure 59 • 

The cause of this is believed to be a delay in the forward progress 
of the crack due to crack branching. Metallographic examination of 
the fractured specimens showed that such branching had occurred 
(Figure 6 O; see also Figure 28). 

Many of the specimens experienced an incubation period, 
during which no crack growth occurred at the beginning of test; the 
duration of this period increased with decreasing applied stress 
intensity. This was encountered in most of the tests of 2000 
series alloys and some of the long term (low applied stress intensity) 
tests of the 7 OOO series alloys . The long terra tests of alloy 
7039“T651 shown in Figure 6 l illustrate that relatively long 
exposures may be necessary, even in an accelerated test environment, 
to determine whether stress corrosion crack growth will occur. 

Specimen TL-3 incubated about 1100 hours without any appreciable 
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evidence of crack growth, after which crack growth accelerated 
rapidly and the specimen failed within 800 hours. This test is 
also an example of a case in which the contrast in crack growth 
rates made it difficult for the computer fit curve to follow the 
data. 

Comparison of Alloys 

'*’ests were performed at various levels of applied stress 
intensity to determine the threshold stress Intensity for 

er.vironmental crack growth. Graphs of Kj^ vs. time to fail 
(fracLure) for all of the aluminum alloys are presented in Figure 
62 and 63. All "run outs" were examined metallographically, and 
in some cases, fractographically to check the possibility of 
cracking having initiated and not progressed to the critical crack 
length to cause fracture. The information thus gained was used 
along with the time plots to estimate the stress intensity thresholds 
listed in Table XXTi. 

For alloys such as 6061-T65I where no crack growth occurred 
even at very high applied stress intensities, it is difficult to 
draw a conclusion about It is possible (in fact, very 

probable, consi- ering the established SCC-free service record for 
606I-T65I) that the alloy is not susceptible to SCC in this test 
environment . If it is susceptible the must be greater than 

the values used In these tests, or else the incubation period is 
very long. Specimens of 5 ^ 56 - H 117 also showed no evidence of 
environmental crack growth on the fractures and no appreciable 
deei-ease in load (Figure 58) during exposure, yet there was an 
anomalous Increase ( 0 , 03 ") of the calculated crack length. In such 
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cases was Indicated to be gi7eatg?r than the highest value 

tested. 

In the case of alloy 7075"T7?51 there was no change in the 
load curve to indicate crack growth, yet when the specimen was 
broken apart, environmental crack growth was evident on the fracture. 
This crack growth was confirmed as typical intergranular SCC by 
fractographic examination, to be discussed later in Section VI-D. 
Because the amount of SCC was small and developed apparently very 
slowly over a long period of time, the specimen was probably loaded 
above but very close to The length of the SCC measured on 

the fracture surface after S780 hr., incidentally. Is Just about 
what would be expected from the SCC growth rate of 2-5 X 10”’^ in. /hr. 
determined with bolt loaded specimens (Tables XIX and XX). 

The two specimens of 2219-T87 failed during exposure under 
extremely high applied stress intensities. One specimen was 
inadvertently overloaded to 104^^ of the nominal Kj^ and it fractured 
within 16 hr.; the fracture was clean, with no evidence of environ- 
mental crack growth, and no doubt resulted from the overloading. 

The other, loaded to 9^^ developed a calculated 
crack growth of 0.04-5 in. while the load decreased only about 0.6^ 
during an exposure of I8I6 hr. Then the load was increased to 
111^ Kjq and failure occurred after an additional exposure of 50^ 
hr. during which the load gradually decreased about 2^. Although 
both the precraek and the environmental crack extension were corroded 
it was estimated that the crack growth at the interior of the 
specimen amounted to about 0.06 in. This crack growth resembled 
tension fracture rather than SCC or fatigue. In Section VI-D there 
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Is a fractographlc examination Illustrating similar tension crack 
growth in a DCB specimen. It was concluded from these tests that 
this lot of 2219“T87 was not susceptible to SCO in this test 
environment even under these extreme loading conditions. 

Specimens of 2021-T81 and 2024-T851 loaded to 90$^ 
failed after relatively short exposures (592 and 240 hr., 
respectively) but did not fall at the next lower values (72-76^ 
Kj). Although there was no appreciable decrease In load, the 
calculated crack lengths Increased about 0,04 - 0.06 in. The 
run-out specimens were cut in half so that the fracture could be 
examined on one half and metallographic examination of the crack 
tip could be made on the other half. There was no environmental 
crack growth evident on the fractures nor ai.y SCO shown by the 
micros ect ions . The relatively small crack growth indicated by the 
instrumentation readings was probably due to long term drift in 
the clip gage readings, and thus not indicative of real crack growth. 

K-rate curves plotted from data recorded on the computer 
printouts (Figure 15) generally were erratic because of the 
deviations in the COD data described previously. Nevertheless 
with some editing of the data to eliminate negative slopes and 
the like, representative curves could be obtained. An example of 
one of the better sets of curves is presented in Figure 64 for 
alloy 7O75-T65I in comparison with the curve for bolt loaded compacts 
taken from Figure 40. The shapes of the curves indicated by data 
points in Figure 64 for four different levels of represent 
the variety of curves obtained in the various ring load tests, 

A region of constant velocity was not always seen in the 
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indlvidual curves, but for a given alloy the crack growth rate 
at the point of fracture was about the same for the individual 
specimens. From the several individual specimen data a single 
representative, or limiting, curve could be drawn to Indicate 
both the estimated threshold stress intensity and the maximum 
sustained, or plateau, crack growth rate as shown in Figure 6^. 
Because K-rate curves could not be obtained for all of the specimens 
no general comparisons of the alloys were made by this method, 

3. Ring Loading vs. Bolt Loading 

The approach to the determination of a stress corrosion 
threshold differs for bolt and ring-loaded specimens because of 
the different dependence of stress intensity upon Increases in 
crack length. As cracking occurs in a bolt-loaded specimen, the 
applied load and the resultant stress intensity, Kj, decrease 
until a point is reached (theoretically) where crack propagation 
ceases. It should be possible, therefore, to expose a bolt-loaded 
specimen at an initial Ki^ sufficiently high to cause environmental 
crack growth and establish the threshold level, for cracking 

by determination of the residual stress intensity at arrest. 

However, when a specimen is stressed with a relatively flexible 
ring and cracking occurs, the applied load tends to remain nearly 
constant and the stress intensity Increases until is reached 
and the specimen fractures. The threshold for environmental crack 
growth, is then determined by exposing specimens at various 

decreasing values Until the level is reached where no cracking 
occurs . 

Although the ring-loading method theoretically requires a 
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greater niaraber of epecimens to establish this method has 

several advantages over bolt loading: 

(1) Because the applied load Is Indicated by the strain 

In the ring, the magnitude of can be determined more accurately. 

(2) Crack growth (and applied load) can be monitored more 
readily by Instrumentation, with automatic read-out equipment, so 
that Kj can be determined at any point In the test. 

(35) Because the crack la continually opened by the ring, 
there Is less chance of wedging forces from entrapped corrosion 
product . 

Bolt loading, on the other hand. Is more suited to the 
testing of large numbers of alloys because It la less expensive 
and the test specimens r*equire leas space. These characteristics 
and particularly advantageous for long-term outdoor atmospheric 
exposure tests. 

Comparisons of data from ring load and bolt load tests can 
be made in two different Interpretations of the data as shown In 
Figures and 65, The K-Rate curves for alloy 7O75-T65I In Figure 
64 show reasonably good agreement for the two methods of loading 
both In the threshold stress Intensity and In the maximum sustained 
cracking velocity. K-Tlme cvu*ves are shown In Figure 65 for alloys 
2014-T651 and 7075-T651, For 2014-T65L the curve for 50 ^ bolt 
loaded specimens levelled off at about the same stress intensity as 
the curve for the ring loaded specimens, and then corrosion product 
wedging eventually stimulated fbrther crack growth (Refer to Figure 
35: It appears that crack grofwth in the 75^ specimen was kept 
at a high rate by corrosion product wedging). For 7G75-T65I a 


- 60 - 


threshold stress intensity of about 25^ Kj^ was indicated by both 
methods of loading, and the bolt load curves for higher levels 
did not show arrests because of corrosion product wedging (Figure 
35). 

A ranking of the threshold stress intensities of all of 
the aluminum alloys estimated by the two methods of loading is 
shown with bar graphs in Figure 66. Results from the two loading 
methods agreed well with the values not differing more than 

3 ksiVin., and there being no consistent Indication that one 
method was more critical than the other. However, thresholds from 
the ring load test probably are more reliable because of fewer 
problems with wedging by corrosion products. 

D . Fract ograph 1 c Examlnat ion 

Fractographs were made with the scanning elev'itron microscope 
(SEM) to document typical fracture characteristics in the precracked 
specimens . In Figure 6j is shown the typical fracture characteristics 
of see in the low resistance alloys and transition zones from a 
fatigue precrack and to a tension fracture. A similar group of 
fractographs is shown In Figure 68 for a specimen of 7075~T7351 to 
illustrate that the relatively small amount of environmental 
crack growth was typical of intergranular SCO. lypical SCO also 
was observed in 2024-T851 specimens exposed to the salt-dlchromate- 
acetate solution (Figure 69). Even though the environmental crack 
groirth in specimens of 2219“T87 was equal to or exceeded that in 
7075-T735I and 2024-T85I, no evidence of typical SCC was present 
in the 2219-T87; rather the fracture had the same appearance as a 
tension fracture, sls shown in Figure 70. There was not observed 
in any of the precracked specimens transgranular cracks of the 
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type that Initiated at the hottom of corrosion pits in the smooth 
specimens . 

Although there was no visible crack: growth on the fracture 
surfaces of 5^5^“H117 and 6061-T65I compacts exposed to salt- 
dichromate-acetate solution for 218^ hr., the residual stress 
intensities determined on these specimens at the end of the test 
were appreciably lower than the initially applied (Refer to 
Table D“3). The transition region between the fatigue precrack 
and the tension fracture was studied with the S®1 for some Indication 
of crack growth, but none was found (Figure 71). It therefore was 
concluded that the reduction in K was the result of plastic 
deformation during loading or creep and possibly the combination. 

TEM fractographs were made of only a few characteristic 
fractures to provide a comparison with the 3EM illustrations. The 
typical see and tension fracture in a 7075 ~t 651 compact tension 
specimen is shown in Figure 72. And a comparison of 3CC, fatigue 
and tension fractures in 7075~T7351 is shown in Figure 73 • 

VII. RESULTS OF STRESS eORRQSiQE TESTS OF STAINLESS STEEL ALLOYS 
A. Tests ¥ith Smooth Specimens 

1 . Atmospheric Exposures 

Seacoast and inland industrial atmospheric exposures have 
completed 28 months at this time and the exposures will be continued 
for at least a 4 year period. The alloys and tempers expected to 
have high resistance to stress -corrosion cracking were stressed 
to 75 and ^ 0 % of their yield strength. The combinations expected 
to have low resistance to stress corrosion were stressed to 75 and 
25^ of their yield strength and to a cotranon 27 ksi level at which 
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the aluminum alloys also were stressed. The specimens in test 
and the failures to date are listed in Tables XXV and XXVI. 

a. Seacoast Atmosphere 

Failures to date have occurred in only five of the thirteen 
alloys j chiefly in the seml-austenitlc group. Two out of three 
transverse specimens of 17-7 PH alloy in the RHIO5O temper failed 
at 75^ Y.S. (1^2.9 ksi) within 1^1 days. Alloy PHl5"7Mo, which 
is a modification of 17-7 PH alloy for higher mechanical properties 
especially at elevated temperatures, was leas resistant; all 
three specimens at both 75^ Y.S. (146.5 ksi) and 50^ Y.S. (97.5 ksi) 
failed within 75 days. The least resistant of the group was the 
AM555 alloy in the SCT850 temper for which failures were observed 
within 141-190 days for specimens stressed even at the lowest 
stress level evaluated (27 ksi). Two additional failures were 
transverse specimens of 451 HT200 stressed to 75^ Y.S. No failures 
have been observed to date for the martensitic precipitation 
hardening, 15~5 PH and PH15“8 mo alloys. 

Examination of the effect of tempering to lower strengths 
on the resistance to SCC was possible with five of the six allqys. 
There was no effect of temper for two of the alloys (15~5 PH, 
PH15-8M0) because there was no failure in either temper. Also in 
the case of alloy AM555 there was nd failure in either temper of 
the plate, but for the bar there was a marked improvement of the 
lower strength SCTIOOO temper over the SCT85O temper, A similar 
performance was observed with alloy 451 for which a definite 
iiqproveraent was shown by the lower strength temper. For the 
PHL5-7MO alloy, however, the lower strength RHIO5O temper was not 
more resistant than the RH950 temper, but in this case the tensile 
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strengths of both tempera were over 200^000 psi and vere quite 
similar (Table VII ). 

Specimens with three different orientations (L, T and s) 
were exposed to investigate possible directional effects with rolled 
bars of the three basic alloy types : AT055 SCT85O, 431 HT200 and 

PHI3-8M0 H950. In the case of the PHI3-8M0 H950 alloy there was 
no failure. In the case of the 431 HI200 alloy, failure occurred 
only with the long- transverse (T) specimens at the 75/^ Y.S. stress 
level. With the AM355 SCTS50 alloy bar failures occurred with 
specimens of all three orientations stressed even at the lowest 
stress level (27 ksi). Although long-transverse (t) specimens from 
the plate of AM355 SCT850 did not fail at stresses up to 114 ksi, 
it is not clear whether this Improved performance can be related 
to a difference in directionality in grain structure of the 1.25" 
thick rolled plate and the 2" x 6” rolled bar or a difference in 
prior thermal history (Table VI). Micrographs in the one year 
summary report comparing the two products do not show a marked 
difference in directionality. On the other hand, the microstructure 
of plate in the SCT850 temper. Figure 20 in the Eighth Quarterly 

('17) 

Eeport' , showed a relatively large amount of precipitate similar 
to that in the SCTlOOO temper of the bar. 

The fractures of several of the atmospheric failures were 
examined with the scanning electron microscope to determine the 
nature of failure . The environmental cracking was predominantly 
intergranular in nature as shown in Figure 74 for a specimen of 
431 HT200 alloy that failed after l4l days. The entire fracture 
surface of the 1/8" diameter tensile bar is shown with stepped 
regions of SCO and tensile failure. Fhlarged regiofiS from top 


center of this surface indicate the intergranular nature of the 

see. 

The results observed to date for the tests in the seacoast 
atmosphe 2 ?e are in reasonable agi^eraent with the marine atmos- 
pheric data cited by Blunder in his EMIC review and by Denhard^^^^ 
in his review of the stress corrosion characteristics of high 
strength stainless steels presented at the Twenty-Fourth ffeeting 
of AGARD. 

b . Industrial Atmos phe 3 ?e 

A comparison of the data for the two atmospheric exposures 
indicates, as in the case of the aluminum alloys, that the seacoast 
environment Is more aggressive in causing SCO than the inland 
industrial atmosphere. For example, specimens of alloy AM355 ill 
the SCT 850 ternfisr failed when stressed in all three directions as 
low as 27 ksi and exposed to the seacoast atmosphere, but in the 
industrial atmosphere failures were observed for specimens stressed 
in just the two transverse directions, and only at 75^ Y.S. (124.7 
ksi). Long -transverse (T) specimens of alloy PEL5"7Mo in the 
RH 9 OO temper stressed to 75^ Y.S. (152.6 ksi) were the only other 
failures in the industrial atmosphere (Table XXVI). 

2. Alternate immersion in 3.5^ MaCl 

A similar set of smooth tensile specimens was exposed 205 
days to the 3-5^ Nad alternate immersion test. The following 
specimens failed within the first seven days, except for Af055 
SCTlOOO ; 
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Stress 


Alloy 

Temoer 

Direction 

y.s. 

F/N 

Days 

PH15-7M0 

RIi950 

T 

75 

2/5 

1,1 

PH15-7MO 

RHIO50 

T 

75 

5/5 

1, 1,1,1, 1 

PHI5-7M0 

RHLO50 

T 

50 

3/^ 

1,2,4 

451 

HT200 

S 

75 

1/4 

5 

AM555 Bar 

SCT85O 

L 

75 

2/4 

4,4 

M055 Bar 

SCT85O 

T 

75 

1/4 

7 

AM355 Bar 

SCT85O 

S 

75 

2/4 

■5 7 

- • A. 

AM555 Bar 

SCTlOOO 

T 

75 

1/5 

138 


These materials also failed in the seacoast atmospheric exposure; 

however, some that failed in the seacoast atmosphere did not fall 

in the laboratory test. One such item was 17“7PH RHIO5O alloy, 

(^ 5 ) 

which was surpi’islng because Humphries reported failures of 
transverse specimens from 2,5-in. diameter bar stock of this alloy 
and temper in the same type of test. Therefore, it was decided to 
test additional specimens. Because rapid crack growth occurred in 
the precracked specimens immersed in 20^ NaCl solution this corrodent 
was used for the repeat tests. Transverse tensile bars of both 
alloys 17-7PH RHLO5O and 15”5PH RH900 were stressed to 73% Y.S. and 
exposed to 20^^ NaCl solution by total immersion for one year without 
failure. Thus, th'i> difference with Humphries* results was not 
resolved; it may have been an inherent difference in the materials, 
or it could merely reflect differences in test conditions. 

Several of the failures were ex^ined fractographically to 
determine the nature of failure. As in the case of the atmospheric 
specimens, the failures resulted from 3CC which was predominantly 
intergranular. Figure 75 is a composite of SM fractograpbs of 
the fracture surface of a specimen of AM555 alloy in the 3CT85O 
temper which failed after 5 days in the alternate immersion test. 
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The view at left shows the entire fracture surface of the 0.125" 
diameter tensile bar at a low magnification of about 20X. The 
Jagged region is the region of intergranular SCO \rt:lch Initiated 
the fracture. Thus, failures in both the atmosphere and the 
accelerated test were similar and resulted from Intergranular SCC. 

Tensile losses due to corrosion were obtained on all 
specimens that completed teat wlthoirt failure. The losses were 
very small (<2^) in all cases except the short-transverse (s) 
specimens of alloys 4^1 and These specimens had losses of 

11 to 15 ^ and visual examination Indicated that the losses were 
caused by local pitting. 

B. Testa With Bolt Loaded Precracked Specimens 
1 . Exploratory Tests 

Exploratory stress corrosion testa were performed with 

fatigue precracked specln»ns of alloy 15”5PH In the H900 and 

B1150M tempera to determine which of several sodium chloride 

(30,51,32) 

solutions discussed In the llteratiire would give the 

more rapid test. 

A. 3.5/^ NaCl made with Reagent Grade Nad and 
distilled water 

B. 20^ KaCl with Reagent Grade Nad and distilled 
water 

C. ^nthetic sea water (AS1M D1141-52, without 
heavy mstals ) 

specimens loaded to 95, 75 and 50^ Ki^ for the H900 temper and to 
95 and 75^ Kq for the HII 5 OM tea^r were Immersed In each of the 
solutions. Once a week the crack lengths were measured and fresh 
solutions were placed in the glass dishes. 
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Crack: growth initiated only in H900 temper specimens 
exposed to the 20^ NaCl solution, after definite Incubation times 
that Increased with decreasing Kjj^, as shown in Figure Because 

at the end of 56 days no crack growth had started in H900 temper 
specimens in the other two solutions, or in any of the fI1150M 
temF>er specimens, the load on five selected specimens was increased 
to "pop-in" : one of the two HII5OM temper initially loaded to 

95^ Kjq in each of the three solutions and one of the two i|900 
temper initially loaded to 50 '% in the two 3 * 5 % WaCl solutions 
(a 8c C). However, even at these high stress intensities no crack 
growth was observtsd after an additional 154 day exposure, when the 
test was discontinued. 

Exposure of all but one of the specimens was terminated at 
the end of 211 days when it appeared that crack growth in the B900 
temper specimens had ceased. Continued exposure of one of the two 
50 % Kj^ specimens for an additional 154 days confirmed that an 
arrest had been reached (grovrth rate leas than 10”^ In./hr.). 

Residual stress Intensities determined for the specimens 

exposed to the 20 % WaCl solution are given in Table XXVII. The 

Kip values for the two 50 % Kj^ specimens checked closely, indicating 

a Kig^^ of about 27 ksi The specimen loaded to 95 % and 

one of the two loaded to 75 % Kjq developed crack growth extending 

to the point where valid K values could not be determined. 

Metallographlc examination of the specimen loaded to 75 % Kj that 

o 

did not develop any crack growth showed that the fatigue crack 
had been broadened by corrosion but there was no Indication of 
crack Initiation. 
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Becaa;se valid values had not been obtained with 
specimens In the HII5OM temper, a KJq value of 100,000 pal -yfGT, 
was assvHied, and the HII5OM specimens were supposedly loaded to 
95 and 75^ of that value. Although these specimens did not 
experience any crack: growth the values were 20 to 30 ksl 
below the Intended values. The Intended Initial stress 
Intensities may not have been developed as It appears that the 
specimens deformed plastically during loading. 

Prom the results of these exploratory tests and the 
experience of Preedrnan^^^^ It was decided to use the 20^ NaCl 
solution for the accelerated test In the general test program. 

2. Atmospheric Exposures 

Replicate specimens loaded to several nominal stress 
Intensity levels were exposed to the atmosphere at the seacoast 
and at an Inland Industrial location to determine threshold stress 
intensities for the various stainless steels. Although most 
emphasis was placed upon long -transverse (T-L) specimens, longitudinal 
(L-T) and short -transverse (S-L) specimens also were exposed for 
alloys PH13*8 mo, 431 and AM355i the same ones as for smooth specimens 
to Investigate possible effects of specimen orientation. A complete 
listing of all the specimens and their disposition Is given In 
Tables D-7 and D-8 in the Appendix, 

a. Seacoast Atmosphere (28 mo.) 

NO crack growth was visible In the 15"5PH HII5OM specimens 
loaded to 95^ Kq, the highest level of after 28 months at 
the seacoast. However, cracking started within a few months in 
specimens of all of the other alloys and tempers at values of 
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95 j 75 QJid In some cases 50'^? of Ki*. Cracking propagated 0.2 

o 

to 0,8 In, vlthin three months, and, as summarized in Table XXVIII 
for long-transverse (T~L) spe’-ciraens loaded to 95^ Kjc, the average 
cracking velocity was about 2 to 9 X 10“^ in, /hr. The velocities 
were not appreciably lower for Kj^ values of 75 and Klc‘ 

■fietails regarding crack lengths, final Kj values, etc, are given 
in Table D-7 Of the Appendix. 

It is evident from Table D“7 that except for 15“5Pn fH150M, 
431 HTI25, and AM355 SCTIOOO (plate and bar), the must be 

less than 50^ Additional specimens of IJ-JTH RHIO5O were 

loaded at 35 and 25^ Kjc to obtain a closer estimate of ICt 
C rack growth occurred in both specimens within 7.6 months, so that 
the Ki _ for this material appears to be leas than 25^ Kr^ 

{<12 ksi-yin", ) in the seacoast atmosphere. 

With regard to the effect of specimen orientation the 
resistance to SCO was equally low in all three directions for 
alloys 431 HT200 and AM355 SCT85O. For the third alloy, PHI3-8M0 
H950^ the resistance to SCO was equally low in the longitudinal 
(irT) and long-transverse (T-L) directions, but crack growth did 
not occur with the short -transverse (S-L) specimens. 

In most instances SCC advanced in the plane of the precrack 
and followed an Intergranular path as shown in Figures 77"79 for 
each of the three types of stainless steel. In some Instances, 
such as specimens of AM355 SCT85 O, PH13'"8mo R950j and 431 HT200 
alloy, crack branching occurred, as shown in Figure 80, Measuren»nt 
of crack growth was iii5>ractleable in these instances. 

Both of the AM355 SCT85O (bar) specimens exposed with no 
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applied load showed crack growth during exposure to the seacoast 
atmosphere. This also occurred with a specimen exposed to 20^ 

NaCl solution as Illustrated In Figure 8 l, The crack growth 
followed an abnormal course along both faces but not In the center j 
also small cracks were observed at the back end running perpendicular 
to the plane of the fracture. Although eveiy effort had l^een made 
to keep residual stresses to a minimuia, the thermal treatment 
for AM555 allc^ Involved a water quench, which would be an 
unavoidable source of residual stress. Specimens of the other 
alloys were either air cooled or oil quenched {K'^1 alloy) and would 
be less likely to develop appreciable residual stress. Thus, 
specimens of AM 555 alloy, and to a lesser extent 4jl alloy, may 
have been subjected to some additional load in the form of residual 
stresses from the quench. An example of the coB 5 >llcatlng influence 
of residual quenching stress on tests with precracked specimens 
was illustrated by I^ratt^^^^ for a heat treated aluminum alloy. 

Fractographic examinations were made on specimens of several 
of the all(^s and will be discussed In more detail in a later 
section covering teats in 20^ WaCl solution, 

b. Industrial Atmosphere f29Mo.) 

see did not occur with as many alloys in the Industrial 

atmosphere as In the seacoast atmosphere. The following Items 

showed no crack growth, as Indicated In Table D- 8 : 

15-5PH H950 and HLISQM 
PHL3-8MO H950 and H1050 
kyi HT125 

AK555 (Plate) SCT 85 O and SCTlOOO 
AM555 (Bar) SCTlOOO 

sec started quickly In specimens of 17“7PH RHIO 5 O and 
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PH15-7MO RH950 and RHIO5O. Average crack: velocities for specimens 

loaded to 93 % were relatively high, as shown in Table XXVIII, 

with the I7-7PH RHIO5O and PHL5“7Mo RH950 having an average velocity 
“•2 

of about 1 X 10 in. Air. V/hile the average velocity for the 

PHI5-7M0 RH950 appears greater in the industrial atmosphere than 

_o — 2l 

in the seacoast atmosphere, 1 X 10 in.Ar, vs. 5 X 10 in.Ar., 
it is probable that higher velocities would have been noted in the 
seacoast atmosphere if the crack: growth measureiuents could have 
been made frequently enough to have observed the early stages of 
growth. In all probability the crack growth velocities for these 
alloys are similar in both atmospheres, with the main difference 
in SCO performance being the stress intensity level at which 
cracking is initiated. POr instance, cracking was not observed for 
alloy 17-7PH RHIO50 at 505 ^ Ktq during 29 mo. in the industrial 
atmosphere, but did occur within 7*6 mo. in the seacoast atmosphere 
at as low as 23 % 

3. Continuous Immersion in 20^ NaCl Solution 

As in the case of atmospheric tests replicate specimens were 
loaded to several nominal stress intensity levels as identified in 
Table D-9 along with details regarding their exposure. 

Cracking started quickly and grew rapidly in specimens of 
those alloys shown by the outdoor exposures to have the lowest 
resistance to SCO. Graphs of envlronn^ntal crack growth for all of 
the alleys are presented in Figures 82-88. VTlth the more resistant 
alloys there was a marked inconsistency in the crack growth behavior, 
as can be seen in Figures 83, 84, 86 and 88. For example, there 
were Instances of veiy rapid crack growth in one of a pair of 
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speclraens and no crack growth In the duplicate, or crack growth 
at 50 and 75/^ but no cracking at 95^ The most erratic 

behavior was for specimens loaded to an Intended value of 
95^ Presumably certain of the specimens that were being 

loaded so close to were Inadvertently overloaded and the 
precrack blunted by plastic deformation. Six of the specimens 
that showed no environmental crack growth at the end of the 200-day 
exposure were recracked by fatigue or tension and re-exposed (refer 
to the last section of Table D-9 for details). Rapid crack growth 
occurred In each specimen, as shown for certain ones in Figures 84, 
86 and 88. It la concluded from this experience that when testing 
steel alloys of this type complete reliance shou3.d not be placed 
In single test specimens, and that considerable care must be 
exercised in applying high stress Intensities, 

Additional graphs with crack growth rate plotted as a 
function of stress Intensity are presented in Figures 89-95. As 
discussed in detail for the aluminum alloys (Section VI-B2), the 
latter graphs were derived from the first set by determining the 
slope of constant regions of the crack growth curves and calculating 
the stress Intensity factor for the crack length at each end of the 
region of constant slope, A composite graph of the K-Rate data 
for the various stainless steel alloys and tempers Is shown in 
Figure 95. A summary of estimated threshold stress intensities 
and the highest sustained initial crack velocities derived from 
these graphs is given In Table XXVIII with the data discussed 
previously for specimens exposed to the seacoast and Industrial 
atmospheres. 



Again, as noted In the seacoast atmospheric testa, the 
effect of specimen orientation on the SCO behavior was negligible, 
as shown in Pigijres 83, 85 and 87. This is in agreement with other 
rather limited data in the literature (p, 122, Ref* 42). 

4* Evaluation and Interpretation 

Specimens of the three types of stainless steel alloys were 
photographed to show typical foi*ms of environmental crack growth 
that were observed in the seacoast atmosphere and 20^ NaCl solution. 
Because fewer failures occurred in the industrial atmosphere, a 
direct comparison in all three environments was not feasible. The 
comparison of fractured surfaces in the two environments is shown 
in the left portion of Figures 94-96. In general, the fatigue crack 
fronts were reasonably straight or slightly convex, as shown in 
Figure 94. The environmental crack growth tended to extend in a 
contour parallel to the front of the precrack; however, there were 
some exceptions with the alloys which showed crack branching, such 
as PKL3“8 mo, 431 and AM555 (Fig. 78, 79, 80, 95). 

There was rust present on the surface of the environmental 
crack growth region in the seacoast atmosphere and the 20^ NaCl 
solution, but not thick deposits of oxide like those observed 
in the aluminum alloy specimens. Thus, there was the possibility 
of corrosion-product wedging and this phenomenon probably 
accounts for the acceleration of crack3.ng after extended periods 
(over 4,500 hr.) of exposure in the 20^ Nacl solution in several 
instances. However, there was no indication of corrosion-prc-'auct 
wedging with exposures as long as 2,000 hr, which appear to be 
necessary to initiate SCC in specimens at lower Kji values. 


A conqjarison of the performance of the various alloys and 
tempers in the three environments is shown by the data sunanarlzed 
in Table XXVIII, comp»arison of the average initial velocities 
shows that the velocity differs with the environment as was also 
observed for the alumlniam alloys. The ijCC velocities were 
significantly higher in the 20^ NaCl solution than in the atmospheric 
envlrmments. Coti 5 )arlson of threshold values showed that the 
accelerated test in 20^ NaCl solution ranked the alleys and tenors 
in about the same order as the seacoast atmosphere. The seacoast 
atmosphere indicated a lower threshold for PKL^- 8 Mo H950 and HIO 5 O 
than the 20^ NaCl solution and would be considered the most critical 
test environment for these particular stainless steel allqysj the 
inland Industrial atmosphere was the least critical. 

Specimen orientation did not influence the SCO performance 
of any of the three stainless steel alloys in either the accelerated 
or atmospheric test environments, 

C. Practographic Examination 

A composite of photographs and SM fractographs was prepared 
for each of the three types of stainless steels and are shown in 
Figures All of the EDO fractures, regardless of the alloy 

type or test environment, were Intergranular and typical of stress- 
corrosion cracking in these alloys. The tension fracture siarfaces 
exhibited the dimple rupture typical of most ductile tensile 
fractures; one exception was the fracture in 17"7PH RHIO 5 O alloy 
(Figure 9^). 

Alloy 15“5PH HII 5 OM showed no visible evidence of crack 
growth on the fracture surface of the compacts exposed to the 20^ 
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KaCl solution, but residual stress Intensities determined for 
these specimens were lover than the applied The transition 

region between the fatigue precrack and the tension fracture was 
studied with the SEM for evidence of crack growth, but none was 
observed (Figure 97). As was concluded for the aluminum alloys 
5^56- rU17 and 6 o 61“T651, the apparent reduction in K probably was 
the result of plastic deformation during loading or creep and 
possibly the combination, 

D, Comparison of Alloys 

The six stainless steel alloys included in this investigation 
can be classified into three types; Martensitic precipitation 
hardening alloys I5-5PH and PH13"8 Mo; Seml-austenltic precipitation 
hardening alloys 17“7PH, PHl5“7Mo and AM555J and Martensitic alloy 
431. TWO tempers were evaluated in most Instances, with one temper 
representing the highest tensile strength and the other representing 
a combination of higher fracture toughness and stress corrosion 
resistance with some reduction in tensile strength, 

1, Martensitic Precipitation Hardening Alloys 

In 1967 Lenhard^^^^ on the basis of smooth specimen tests, 
cited alloy PH13“8 mo as being the most resistant of the martensitic 
precipitation hardening alloys and capable of sustaining relatively 
high stresses without cracking. In the present investigation smooth 
specimens of alloys 15“5PH in the H900 and HII5OM tempers, as 
well as PHI^^SMo In the H950 and HIO5O tempers, showed no evidence 
of stress-corrosion cracking in ai^ Of the three test environments. 
The results of tests with precracked specimens, however, indicated 
that only I5-5PH HII5OM showed no evidence of crack growth in any 
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of the test environments, and appeared to be virtually Inanune to 
stress -corrosion cracking. This material also had the lowest 
strength of . any of the alloys and ten?>ers evaluated. Definite 
susceptibility to SCO was observed with precracked specimens of the 
H900 temper of 15-5PH all(^ and of the I©50 and K105Q ten?)ers of 
PHI3-8M0 alloy. Carter, et. al,^^^^ also reported susceptibility 
for 15“5PH H900 alloy using fatigue precracked single edge notched 
specimens loaded in cantilever bending and exposed to 5.5^ Nad 
solution, but found no evidence of crack growth for PHL>-&10 In 
the H950 temper. 

An Interesting phenomenon for precracked specimens of 
PHI3-8M0 alloy In the cantilever-beam test was observed by Sandoz^ ^ 
and for Custom 450 alloys* by Henthorne^ . Crack Initiation 
occurred away from the notch and the precrack at the Junction of 
the solution container and the specimen. This was attributed to 
lowering of pE in the crevice between the corrosion cell and the 
specimen by crevice corrosion which then leads to hydrogen cracking. 

2. Seml-Austenltic Precipitation Hardening Stainless Steels 

Except for the SCTIOOO temper of AM355 alloy this group of 
steels had a relatively low resistance to SCO when tested as both 
smooth and precracked specimens. The least resistant of all the 
stainless steels based on the precracked specimens was alloy 
17-7PH In the RHLO50 temper. It exhibited an extremely high Initial 
velocity of 4 X 10*"^ in. /hr, in the 20^ Nad solution, whereas 
the other alloys bad initial velocities ranging from 2 X 10“3 In, /hr. 

^Typical Composition of Custom 450^^^^: 

.03c, .3Mn, .331, ,015P, .005s, 15Cr, 6.5N1, .8 mo, 1.5Cu, ,7Cb 
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to 5 X 10"^ in. /nr. However, when evaluated with smooth specimens 
It appeared more resistant to SCC than the other two semi -austenitic 
precipitation hardening alloys, PHL5-7MO in the FU1950 and BHIO5O 
tempers and AM^55 In the 3CT85O temper. These results are 
consistent with tests of smooth specimens of sheet (0,025-0.050 in.) 
that showed SCC of PH15-7M0 BHLO75 and AM555 SCTIOOO alloys 

The resistance to SCC of AM555 alloy was improved by aging 

to the lower strength, high toughness SCTlOOO temper, but it did 

not give the alloy Immunity to SCC, A sraooth specimen failure was 

observed in the 3-5/^ NaCl alternate immersion test and crack growth 

was observed with precracked specimens. Although tests of precracked 

(hr? \ 

specimens by Carter, et. al.^ ' ^ failed to develop SCC in AM555 
SCTlOOO rolled bar (2-1/2" x 2-1/2"), tests of precracked specimens 
in the present Investigation, which included rolled bar (2" x 6") 
and the same Item of 1.25 In. plate tested by Freedman produced 
SCC in both the 20^ Had solution and the seacoast atmosphere. 

These results thus corroborate the results obtained by Freedman 
and differ with those obtained by Carter, et. al. 

3. Martensitic Stainless Steels 

Alloy 431 represented this classification of stainless 
steels. Its resistance to SCC was less than that of the martensitic 
precipitation hardening stainless steels and similar to the semi- 
austenltlc precipitation hardening stainless steels. The resistance 
to SCC of the HFI25 temper which Is aged past peak tensile properties 
was very similar to that of AM355 SCTlOOO, although much lower 
In strength. 
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Summary 

TO compare the SCC characteristics ol‘ various high strength 
steels Sandoz In Chapter 5 of Ref. 42 plotted the and yield 

’^SvC 

strengths In a graph vhich also contains reference lines for 
certain assumed critical crack: depths. If one assames a long, thin 
flaw at yh«y surface and the existence of a yield-point stress, then 
SCC would be expected to propagate If the flaw depth exceeded a^p, 
given by a^p - 0,2 . The value of a^p may thus be 

regarded as a figure of merit vhich Incorporates both the SCC 
resistance, and the contribution which yield strength stress 

levels can make to the SCC hazard by virtue of high residual or 
fit-up stresses. All of the data for a given all<^ representing 
various products, tempers, fabricating practices, stressing direction, 
etc. were circumscribed by Sandoz with an "envelope”. The data 
for precipitation hardening stainless steels summarized in Ref. 42 
were reproduced In Figure 98, Just the envelopes were transferred 
for alloys PH15"8 mo and 17-4PH, plus individual data points for 
other materials with only a few tests. Superimposed on this back- 
ground are the results of the present investigation and other 
pertinent data from Freedman and Henthorne^^^^. 

For the alloys with relatively low resistance to SCC, such 
as 17-7PK, PHL5“7Mo and AM555 “SCt 850, the data from this Investigation 
agreed well with that from other Investigations. However, for 
alloys and tempers with Improved resistance, data fi'om this 
Investigation tended to be more conservative; l.e.. Indicated lower 
values for Particularly striking examples were alloys 

PHI35-8M0 and I5-5PH, One reason might be related to differences 
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In concentration of sodium chloride solution used, as it was found 
in the exploratory tests with 15-5PH alloy that crack: growth did 
not occjjr In NaCl or synthetic ocean water; most data in 
the literature were obtained with 3*5/^ Nad or sea water. Another 
difference in testing procedure that may be especially significant 
for these stainless steel alloys is the compact tension specimen 
versus the cantilever beam used by most other investigators. The 
crevice present in the compact tension specimen with the chevron 
notch is much deeper than that of the cantilever beam with the 
straight notch, and as mentioned earlier, these steels are especially 
vulnerable to SCC in crevice situations. There are possibly other 
reasons that might be related to the test materials. 

The significance of the accelerated test data obtained in 
the present investigation is affirmed by the excellent agreement 
with the results of the outdoor atmospheric exposures. 

^3:41 f^ ESULTS OF STRESS Cca^QSIQN TESTS OF TITANIUM 6A1-4-V A3X0Y 
■ ^ V t th Smooth Specimens 

: ’-transverse 0,125-in. diameter tension specimens stressed 
•• ■ ■ ; i '' A of the actual yield strengths were exposed concurrently 

with the stainless steel specimens to the same test environments as 
the aluminum alloys. There h^ave been no SCC failures of the titanium 
specimens to date in ainy environment; i,e., 28 mo, in the seacoast 
and Industrial atmospheres and 12 mo. in the 3«5^ Nad alternate 
Imraei'sion test. The atmospheric tests will be continued for an 
exposure of at least four years, but the alternate immersion test 
was discontinued after 12 mo. and the specimens were tensile tested. 
The losses in tensile strength due to corrosion were negligible 
(Table XXIX). 
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B. Perfoiroance of Ppecraoked Compact Tension Specimens 

Fatigue precracked specimens loaded to 95, 75 and 50^ 
were exposed to the seacoast and industrial atmosphere and immersed 
in 3.5^ Nad solution. Detailed data for the individual test 
specimens are giver in Table D-10 in the Appendix. 

1. Exposures 

a. Seacoast Atmosphere 

No crack growth has been observed to date (8l2 days) in 
specimens from the beta forged material, but crack growth occurred 
at all levels of applied stress Intensity in specimens from the 
alpha-beta forging. In the alpha-beta specimen loaded to 95^ 
crack growth started limrodiately, before it could be exposed to 
the seacoast atmosphere. At the first inspection after 1^1 days of 
exposure, the crack had grown 0.7 in. and the specimen was removed 
for determination of the residual stress intensity and fractographlc 
examination. After about one year crack growth also started in 
specimens loaded to 75 and 50^ At 75^ one crack grew 0.11 

ln< in 73 days and the other grew 0.24 in. in 57 days, with average 
crack growth rates of 6 X 10“^ ^In./hr. and 2 X 10”^ in. /hr. In 
the single specimen loaded to 50^ there was O.03 in. crack 
growth in 73 days, with an average rate of 2 x 10“^ in. /hr. Exposure 
of the 75^ ^Xc specimen with 0.24 In. crack growth was terminated 
at 483 days for a check of the residual stress Intensity and a 
metallographlc examination of the environmental crack. Exposurtt of 
the other 75^ Kjc specimen was continued, but no further crack growth 
was noted after an additional 11 months. 

Residual stress Intensity measurements for the two alpha-beta 
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specimens that were removed^ showed good agreement, with Kj^ 
values of 65 and 66 ^ Kj . There may be some question as to the 
accuracy of the KXp value for the specimen loaded to 95^ due 
to the large amount of crack; growth (0,7 in.). However, the 
value for the specimen loaded to 75^ Kj^ can be considered a 
candidate for Kj if it is assumed that crack growth had ceased. 
This is questionable since crack growth did not start in the 
specimen loaded to 50^ Kj. until after months exposure. Thus, 

w 

a value less than 50 ^ (24 ksl-^^jH) is indicated for 

the alpha-beta processed forging. 

Microscopic examination of a cross-section at the tip of 
the crack in the alpha-beta specimen loaded to a of 750 
confirmed the presence of typical SCC, with the crack alternately 
progressing transgranularly across alpha grains and along alpha 
and beta interfaces (Figure 99). A similar specimen from the beta 
forging was removed for examination after 485 days even though no 
crack grovrth had been, observed. Microscopic examination of a 
section at mid-thickness of the specimen confirmed that no environ- 
mental crack growth had occurred (Figure 100), 

Exposure of the beta processed specimens is being continued 
to determine whether SOC will be Initiated at a later date. Exposure 
of the remaining alpha-beta processed specimens is also continuing 
to see whether crack growth will be renewed, after an apparent 
arrest, due to corrosion wedging. It is considered significant, 
however, that therehas been no indication of such wedging in either 
these tests or accelerated tests of 5000 hours duration in 5.50 


NaCl solution. 
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b» Industrial Atmosphere 

No crack growth has been observed to date (861 days) In 
any specimen from the beta forging or in alpha-beta specimens 
loaded to 75 or 50^ Kt„» Crack growth started immediately in the 
alpha-beta specimen loaded to 95^ but stopped growing after 
three days, and did not appear to have extended after 48^ more 
days, so the exposure was terminated and the residual stress 

t 

intensity was determined. During the first three days the crack 
growth was 0,;34 In, with an average growth rate df 5 X 10”^ in. /hr. 
If it is assumed that the crack had come to a true arrest, then 
the Kip value of 31 ksl ( 85 ^ Kj^) could be considered as an 
estimate of Ki^__ for this environment. However, longer exposiare 

'SCO 

is needed to conflm this in view of: (1) the Indication of slight 
crack growth at the surface of one of the specimens loaded to 
75^ KIq and, (2) the Initiation of SCO at 75 and 50^ after an 
Induction period of about one year in the seacoast atmosphere. 
Exposure of the 75^ Kt„ specimen with slight crack growth at the 

w 

surface was discontinued at 486 days and the specimen was sectioned 
for metallographie examination. ,Although the applied stress Intenr^ 
appealed to have deci*eased a small amount (to 70 ^ there was 

no crack growth detected at the interior of the specimen. 

Similarly one of the duplicate beta foiled specimens loaded 
to 75^ XJq was removed after 486 days for eivBralnation. The results 
were the same as for the specimen from the alpha-beta forging. 

Exposure of the remaining specimens is being continued to 
determine whether SCO will be Initiated at a later date. 
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2, Itmoerslon In DfeiCl Solution 

Crack growth occurred in specimens from both beta processed 

and alpha-beta processed forgings at applied stress intensities of 

95 ^nd 75 per cent of Kj^,, but no growth occurred in specimens of 

either material loaded to 50^ as shown in Figure 101. 'fhe 

stress -corrosion cracking was very rapid, with all growth ceasing 

by the end of 2 to 2-1/2 hours and not resuming, at least for 5000 

hours when the exposure was concluded (Figure 102), During the 

2 to 2-1/2 hours of crack growth the average rate of propagation 

was 0.04 to 0.15 in. /hr, for the beta forging and 0.14 to 0.24 in. /hr, 

for the alpha-beta forging. These results are consistent with 
f 51 ) 

published data^-^ ' which show that aqueous stress corrosion crack 
propagation in titanium alloys is extremely rapid. 

A comparison of crack growth rates in specimens of the alpha- 
beta forging exposed to the various environments is shown below: 


Intended Avg. Initial Crack Growth gate, in. /hr. 


-^i 

Seacoast 

hn'du's'trlal 

■^.59^ Nad 

95^’ Kj^ 

5 X 10“^ »- 

5 X 10“^* 

2 X 10“^ 

75 

6 X 10“? 
2 X 10 ^ 

None 

1 X 10“^ 

50 

2 X 10“5 

None 

None 


*SCC growth started and stopped before specimen could be 
placed in the test environment. 

These rates are estimated values averaged over the hours or days 

during which growth was occurring, and the initial crack. growth 

no doubt proceeded at higher rates than Indicated above. The 

most meaningful rates probably ai^e those observed for Kij_ of 75:^ Kj • 

o 
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Ccffljparlaon of the residual stress Intensity values for 
the accelerated test specimens (Table I>10) with the Intended 
values of 95 and 75^ shows marked discrepancies, particularly 
obvious with the alpha-beta specimen supposedly loaded to 75^ 

In this Instance Ki^, exactly equalled fCj^ and yet there was 0.3 in. 
crack growth that should have reduced Kij^ a significant amount 
(approx. 15^ or 5.5 ksl ) . The values should be the most 
reliable because they are calculated from actual measurements of 
both load and crack length. Thus, It appears that all of the 
specimens Intended for 95 or 75^ may have been Inadvertently 
overloaded. This could account for the Immediate Initiation of 
crack growth In the room atmosphere when the Intended initial stress 
Intensity of 95^ was applied to the alpha-beta specimens. 

Inasmuch as there was no crack growth during the last 208 days of 
exposure (less than lO”^ in./br.) cracking may be considered to have 
arrested and the Kij. values regarded as candidates for Kig^^. The 
raoi'e conservative values from the 75?^ Ki^. specimens Indicate 
values In 3*5^ KaCl of 77^ (34 ksl yirT. ) and 74^ Kj^ (27 ksl .^yinT ) 

for the beta processed and alpha-beta processed forgings, respectively. 
The value for the alpha-beta forging Is higher than the value 
Indicated above for the seacoast atmosphere. 

The data from this investigation are corpared In Figure 103 
with a con?)llatlon by Blackburn, Srayrl and Fseney (Chapter 
Ref. 42) of Kjq, and yield strength data for the alloy Ti-6Al-4v. 

The data are for a variety of plates, extrusions and forgings, 0,5 
to 1.5 in. thick, and the wide variation In properties obtained for 


-85- 


the different products and tempers is clearly Illustrated. The 

I 

Kj^ and values for the forgings from this Investigation, 

vhlch are superimposed on the published data, were somewhat lower 
than most of the values shown for materials of similar yield 
strength, 

Blackburn, et. al., noted that the Kt„ and Kt values of 
' ' -‘•c -^sce 

Ti-6Al-4v alloy products can be influenced by a number of 
metallurgical variables such as composition, material thickness 
and preferred orientation or texture. They also observed that 
^Iscc values can vary as a result of test procedure. Several of 
these factors could be influencing the comparison of the data from 
this investigation and the published data. Factors considered most 
likely resp<irnsible for the low values for these forgings are probably 
related to their greater thickness (2.25 in.) and to their oxygen 
content (0,19/o). Blackburn, et. al, (p. 319, Ref, 42) have shown 
that as the oxygen content of T1-6 a1-4v alloy was increased from 
0,10 to 0.19 per cent, that Kiq and values decreased 

approximately ^0 ksi ^^/IiT. with corresponding increases in yield 
strength of only 12 to I5 ksi. This effect of o^^rgen level was 
seen with material from two different heat treatments which provided 
different levels of strength. 

Results of the present investigation confirm the published 
information in showing that beta processed material can be expected 
to have a higher resistance to SCO than alpha-beta processed 
material. The difference was most definite in the seacoast atmos- 
pheric exposure. 
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C. Practographlc Examination 

The appearance of the fracture faces of specimens from 
both forgings after the aqueous chloride SCO tests is Illustrated 
in Figure 101, Visually, the texture of the environmental growth 
portion of the fracture appears somewhat different for the two 
forgings. TM fract ©graphic examination, however, showed that 
the mode of fracture in the environmental growth region of both 
the beta and alpha-beta forgings was mixed intergranular, cleavage 
and ductile mode. Figure 104 illustrates typical fracture 
characteristics for the titanium alloy precracked specimens. Similar 
fractxare features have been observed on sheet and plate of T1“6 a 1-4V 
and other alpha-beta type alloys (p. 556, Ref, 42), 

IX. GENERAL DISCUSSION 

A, Comparison of Allc^ Ranking by Precracked and Smooth specimen 
Tests 

The most useful forms of SCC data for ranking alloys and 
tempers are estimates of threshold stress from smooth specimens 
and threshold stress intensity and SCC propagation rate (velocity) 
from testa of precracked specimens in specific environments. These 
forms of data ha-re the advantage that they ai?© useful not only for 
comparing materials of construction, but for somt> situations can 
be used in design. However, for the data to be meaningful it is 
essential that the specific test conditions be associated with the 
data and that proper consideration be given to any differences in 
test conditions when materials are compared. Because of the basic 
difference in procedure used for tests of precracked and smooth 
specimens, one of the main objectives of this investigation was to 
compare the rankings of a wide variety of alloys and t©n 5 >ers by the 
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two procedures. A summary of data for the purpose of comparison 
is given in Table XXX and shown graphically in Figures IO5-IO7. 

1 . Aluminum Alloys 

The data for fatigue precrackied compact tension specimens 
and smooth 0.125"ln. tensile specimens exposed to the seacoast 
atmosphere are summarized in Figi»re IO5. It is apparent that both 
the precracked specimen and the smooth specimen tests separated the 
group of six high resistance alloys at the left side of the graph 
from the low resistance alloys at the right. This is shown by the 
relatively high estimated threshold stresses and stress intensities 
and the absence of crack growth or the occurrence of low crack 
growth rates for the high resistance alloys (in most cases resulting 
from tensile overload) contrasted to opposite trends for the other 
alloys. In the group of high resistance alloys there were two 
discrepancies between the two test methods ; for' 7075”T7351 thie 
precracked specimen developed a slight amount of intergranular SCO 
and the smooth specimen did not, but for 2024-T851 the performances 
were reversed. Banking of the alloys in the low resistance group 
was not possible because specimens were not exposed at low enough 
stresses and stress intensities to obtain close estimates of the 
thresholds . Trends in the Industrial almosphere were similar 
(Table XXX). 

The main body of accelerated test data for precracked 
specimens was obtained on compact tension specimens immersed in a 
salt-dichroraate-acetate solution selected on the basis of exploratory 
tests described previously in Section VI-Bl, Although the primary 
accelerated test for the smooth specimens was the 3.5^ Nad alternate 

immersion test, a set of the smooth tension specimens also was 
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expoaed 90 days by continuous Imnierslon in the aalt-dlchromate- 
acetate solution to provide a direct comparison with the precracked 
specimens. The smooth s[»clmen test results agreed with the 
precracked specimen tests in Identifying the four lowest resistance 
materials, but did not reveal susceptibility to SCC In several 
other materials shown to be susceptible in the precracked specimen 
tests (Figure 106), Also, this test of the smooth specimens was not 
as critical as the alternate immersion test In 3 * 5 % NaCl solution 
(Tables XVI and XVII ), Longer exposure of the smooth specimens or 
other variation of the procedure with the salt -die hromate-acetate 
solution, as discussed previously in Section VI-A3, might bring 
the two test procedures Into closer agreement. 

A more significant comparison of accelerated test data Is 
shown In Figure 107 with tests of smooth specimens exposed to the 
commonly used 3 * 5 % NaCl alternate Inmerslon test versus tension 
precracked DGB specimens wet three times daily with 3 * 5 % NaCl 
solution. The latter procedure was developed by I^Tatt^^^^ as a 
practical substitute for the alternate immersion procedure. The 
estimated SCC thresholds were plotted both in actual stress or 
stress Intensity units and as percentage of yield strength or of 
Kij_. The comparison of the two test methods was the same as that 
noted for the seacoast atmosphere. In the high resistance group 
there were again two discrepancies between the two methods. The 
7075-TT351 precracked specimens indicated a definite but low degree 
of susceptibility to intergranular SCC which the smooth specimens 
stressed to 75?^ Y.S. did not show. It is possible that more highly 
stressed smooth specimens would have shown scKse siisceptlbllity. 
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However, the situation is anomalous because smooth specimens that 
became pitted in the NaCl alternate immersion test developed 

transgranular environmental crack gro%rth instead of the typical 
Intergrsjiular environmental crack growth (scc) in aluminum alloys 
(compare Figures 20 and 68). Additional studies will be required 
to determine whether this difference in crack mode is influenced 
more by the state of stress or by environmental factors. In the 
case of 2024“T851, smooth specimens showed a susceptibility to 
Intergranular SCC at a stress of 75^ Y.S. but precracked specimens 
stressed to pop- in did not. Environmental crack growth occurred in 
the DCB, but it was of the tensile overload type rather than SCC. 

In the group of low resistance aluminum alloys the performances of 
the various alloys were similar in both tests, and there was no 
consistent trend for one test to be more critical than the other. 

An investigation of aluminum alloy hand forgings of a wide 

f<52 ) 

variety of alloys by Chu and Wacker'^-^ ' provided an opportunity to 
rank the SCC performances by precracked (cantilever beam) and smooth 
specimen (bent beam) tests. Ranking of the alloys and tempers with 

values did not agree well with the threshold stresses estimated 

'^SCC 

from the smooth specimen testa. Ti'iO main discrepancy was the 
unrealistically high values reported for alloys 2014 -t 6 and 

2024-T352, which are known to have low reslstence to SCC 

when stressed in the short -transverse direction, as demonstrated 
again in the present Investigation, Inasmuch as the estimates of 
Kiscc based on relatively short ( 100-300 hr. ) periods of 

immersion in sea water, it is possible that a longer period of 
ejjposure would have given more realistic threshold valxjes , 
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In tvo European papers presented at the 33rd Meeting of 
the "structures and Materials Panel" of AGARD at Brussels, Belgium 
In October, 1971* the Investigators presented results of ccaparatlve 
tests with Boeing DCB specimens and smooth test specimens. Bollanl^^^ 
reported tests on short -transverse tests of 2-ln. thick plate of 
7075-T65I and 7075^17351 • Lshmann^^^ compared the SCO performances 
of a die forging in alloys 7079-T6 and AZ74.61*. In both investi- 
gations the two types of tests gave satisfactory distinctions 
between the high and low resistance products, and the authors 
concluded that for a complete evaluation of the resistance to SCC 
it is necessary to test precracked as well as smooth specimens. 

A round robin stress corrosion testing program was carried 
out at seven divisions of the North American Rockwell Corporation 
to evaluate and compare various smooth specimen and precracked 
specimen techniques for assessing stress corrosion susceptibility ^ . 
Tests were conducted on a hand forging of 7049* alloy heat treated 
and artificially aged to four different levels of strength and 
anticipated resistance to SCC. Results of the conventional tests 
Indicated that the susceptibility to SCC decreased regularly with 
Increased aging time and decreased strength. However, crack growth 
measurements on fracture mechanics specimens (bolt-loaded CCB’s) 
differentiated the four tempers into two groups; there was no 
significant difference in growth rate between the underaged an^ t 6 
temper, or between the T73 and the overaged temper. 

On the basis of many tests of a variety of aluminum alleys 

♦Typical compositions: 

AZ74 6.0Zn, 2.3Mg* 0.8Cu, 0.2Cr, 0.4Ag 
7049 7.7Zn, 2.^5g, 1.6cu, 0.l6Cr 
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and tempers with bolt loaded DCB specimens syatt^^^^ concluded 
that, "trends derived from DCB specimen data agree vlth established 
trends derived from smooth specimen threshold data. However, In 
many cases, the data from DCB specimens are more discriminating 
than smooth specimen data, and growth rates at the higher stress 
Intensity levels can be used as a new basis for comparing and rating 
new alleys and heat treatments". In a subsequent article Speldel 
and lyatt regarded such precracked specimen data as a valuable 
addition to the smooth specimen threshold data In the same way that 
fatigue crack growth data are a valuable addition to the standard 
S-N fatigue curves for different alloys. Also, in their work with 
the "overaglng" of 7075 and 717S* alloy plate the SCC plateau 
velocity decreased regularly with Increased aging time. 

Thus, from a consideration of the results of the present 
Investigation and the published literature it Is concluded that the 
use of precracked specimens Is not essential, for a reliable evaluation 
of the resistance to SCC of aluminum alloys, but this technique 
does afford a practical method for determining SCC velocity. A more 
complete evaluation of the resistance to SCC of a material can be 
obtained by testing precracked as well as smooth specimens. 

2. Stainless Steel and Titanium ,. Alloys 
The data for the steel and titanium alloys are summarized 
with that for the aluminum alloys in Figures IO5 and IO6. In the 
seacoast atmosphere there were eight Instances (7 of the 13 steels 
and 1 of the 2 titanium Items ) In which the precracked specimens 
showed a marked susceptibility to SCC whereas the smooth specimens 

♦lypical composition; 

6.8zn, 2.8Mg, 2,0Cu, 0.2Cr 
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have not failed during the 27 tno. exposui'S to date. It Is possible, 
of course, that continued exposure of the saiooth specimens will 
reduce this rather striking difference. For five of the steel 
alloys with lowest resistance to SCC both kinds of specimens failed, 
and for the most resistant steel alloy, 15"5PH HII5OM and the beta- 
forged T1-6A.1-4V alloy neither type of specimen cracked, SCO in 
the precracked specimens of all of the steel alloys except 15“5PH 
Hll'^'5‘1 propagated at a high velocity similar* to that of the low 
res4.«cance aluminum alloys. For the accelerated tests in sodium 
chloride solution the conparlson was s‘.hnilar to that in the seacoast 
atmosphere except that even fewer materials failed as smooth 
specimens . 

This behavior of the steel alloys and the titanium is 

(4,42,48) 

consistent with the experience of most other investigators , 

and, in fact, reflects the reason for the rapid acceptance of the 
fracture mechanics approach to SCO testing. It, therefore, appears 
to be essential that alloys of this tyi>e be evaluated with tests 
of precracked specimens as well as with smooth specimens. 

In contrast with these tests of relatively thick sections , 
however, it was found in accelerated tests of thin sheet (0.025- 
0.050 in.) of several high strength stainless steels (including 
AM355 SC'flOOO, PHI5-7M0 RHIO75, and PHl4-a^o SRH950) that the 
pT’eaence of a pre-existing fatigue crack had no ^>ffect on the 
susceptibility to Thus, it should be recognized that the 

tests of thin sheet should not be used to predict the perfonoance 
of relatively thick components of a structure and vice versa. 
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B. Design Jinpllcatlona of Stress Corrosion Test Data 

1. Theory 

If the estimate of the environment to be encountered in 
service Is reasonably accurate, the stress corrosion test data 
obtained with smooth specimens yields useful engineering data that 
will alert the design and shop engineers to the maximum sustained 
tensile stress that can be tolerated by a material. Theoretically 
at least, the stress corrosion data developed from precracked 
specimens utilizing fracture mechanics principles could be more 
useful -jecause two pieces of Information are obtained: (1) the 
limit jjTg stress Intensity factor (Kig^^Q) and (2) the rate of environ- 
mental crack growth (da/dt). These two types of Information would 
be used to analyze a typical situation In the manner shown by the 
following example. 

For material X, Kx. and Kj are known, and there Is a Kj 
versus da/dt curve, as represented by the diagram In Figure 108(a), 
The operating stress for a structural component is known, and the 
maximum size of crack or flaw that may exist in the structure without 
detection can be established, which together can be used to calculate 
an Initial stress intensity, for the structure. The chosen 

inltJ.al flaw size will be the largest one that could exist in the 
struct’.ire without having been detected by the NDT methods which are 
enroloyed, which may be limited by accessibility as well as precision, 
With the Kix# an Initial judgement of the situation is established, 
and three possibilities exist: 

a. If Kix Is less than Kj , such as A In Figure 108(a), 

300 

there will be no stress corrosion crack growth and the structure 
is safe unless other factors (e.g,, fatigue stressing) cause -he 
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crack: or flaw to grow to a size where Kj. equals or exceeds Kt 

b. If Ki^ Is greater than such as B, environmental 

crack growth can be expected and the designer must consider how 
soon cracking will initiate (Figure 108(b), how fast the crack 
will grow and the likely consequences. The rate of crack growth 
can be determined from the Kj versus da/dt relationship, and the 
length of time for the crack to grow to a size large enough that 
Kj equals or exceeds Kj can be calculated (with some assumption 
about crack incubation time). The designer then must consider the 
possibility that complete fracture will occur, and determine whether 
the time period over vb ich It develops Is acceptable or whether 
some change In material or design parameters is called for. 

In calculating the time for the crack to grow. It is Important 
to note that the Kj level, and hence the rate, will likely change 
as the crack grows. In a constant load situation where one deals 
with a gross stress that Is assumed to be Independent of crack size, 

Kj Increases as the crack grows. In many Instances, such as tight 
fltups, the gross stress really does not remain constant, but will 
decrease as the crack grows. Depending upon the rate of deci'ease, 
this could have the effect of decreasing the Kj level and, therefore, 
of decreasing the crack growth rate as seen from Figure 108(a). 
Although the designer Is rarely in a position to be sure that this 
Is taking place, it does explain wt^ some cracks arrest without 
causing complete fracture. Thus, the determination of total time 
to reach a critical situation Is an Integration and the type of 
gross stress situation should be taken into account when considering 
the conseqiiences . 


- 95 " 


c. If exceeds Kj^, the operating stress obviously Is 
too high and some redesign or change of materials Is Indicated. 

\-Jhen both fatigue and stress corrosion crack growth are 
concurrent, both must l^e considered. The resultant rate of flaw 
growth may be not merely the additive effects of pure fatigue ar/'l 
pure see but perhaps a synergistic stress-corrosion- fatigue effect. 
The actual rate will depend upon the relative crack growth rates 
due to see and fatigue (l.e., whether or not one la strongly 
dominant ) and the degree of synergistic effect for the Individual 
alloy and temper. Evaluation of the latter effect la beyond the 
scope of this Investigation. 

2. Practice 

The procedures outlined above would seem quite practical, 
but for two Important points: (1) designers do not desire to use 

alloys which stress corrosion crack to any appreciable degree under 
the sustained tension stress anticipated in the structure, so the 
use of crack: growth rates to calculate life rarely. If ever, comes 
into play, and (2) the stress-intensity type of analysis implies 
that no stress corrosion crack growth will take place below Kjqqq, 
but this Is not supported by practical experience. 

The first point concerns the reticence of designers to 
use any material in which a stress corrosion crack propagates 
at an appreciable rate. For example, current tendencies are 
to shun aluminum alloys such as 7079“T651 which stress-corrosion 
crack rapidly when structures are stressed In the short- 
transverse direction relative to the grain structure. One reason 
is that the stress situations that have caused SCO in service, at 
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■ i least with aluminum alloys, usually are unknown to the designer 

as they Involve sustained tension stresses that are not anticipated 
and can not be precisely msasured; these situations result from 
flt-up during assembly of structural con^onents or from residual 
' \ stresses locked in during quenching following heat treatment, 

forming, straightening, welding, etc. Another reason for this is 
that see propagation rates have not been well defined — except 
‘ for limited Information indicating that the rates can be relatively 

V high, depending upon the spe''lflc conditions. It can be correctly 

i;;. . : noted that this Is In contrast to the situation In designing for 

fatigue, where significant rates of gjowth must be dealt with. 

However, in the case of fatigue, the time to failure is related to 
the magnitude of the operating stress and the period of operation, 
which can be recorded; whereas with SCC the measurement of time to 
failure must be started when the part Is machined or assembled 
into the structure, and depends more upon the age of the structure, 
the magnitude of the sustained tension stress, and the environment 

• ; than upon the period of operation. Moreover, in the case of fatigue, 

there Is little choice, as there are no "immune " or "highly resistant" 
alloys, whereas with regard to SCC, the problem can usually be 
avoided hj a change In design and assembly practices or by a r.hange 

, 

VV In alloy or temper. 

% Oil the second point, the concept of Kig^.^ clearly Implies 

/ft; that so long as the combination of operating stress and flaw size 

Is such that the applied stress intensity Is less than a certain 
level, no stress corrosion crack growth will take place. But 
expedience has shown that this is not realistic for some aluminum 
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alloys. consider the situation with 7079 -T 651 plate, for which 
the Kt„ ^ value is about 4 ksl\/ln, in salt -dichromate-acetate 
solution (Table XXIV). As Figure 109 (developed in this example 
for long thin surface cracks, though any other crack tyi>e and 
shape could be used with the appropriate stress intensity relation- 
ship) shows, even a value as low as 4 ksi\/iir. in^sliee that in the 
presence of a 0.01 in. de'p crack a tension stress of 20 ksl may 
be safely sustained indefinitely. This is not true, as smooth 
specimens containing no visible cracks will fall as a result of 
see within a short time at that stress. The analysis fails 

to take into account that cracks can initiate as a result of 
electrochemical reactions at metallurgical sites, such as grain 
boundaries, that are not classifiable in the initial analysis as 
flaws in the material. Another possible explanation is that for 
low resistance alloys such as 7079-T651 there may not be a real 
^Iscc number assumed for it is too high. 

These facts prOB^jted the previous proposal that a dual 
approach to design must be considered in dealing with thresholds - 
both the limiting stress and stress intensity must be considered, 
as shown in Figiu^ 110, In such a chart, the "safe" region (that 
in which stress corrosion free service would be expected) is that 
indicated to be SCO free both by the threshold stress from smooth 
specimen testa and the threshold stress intensity factor from 
precracked specimen tests. There is a region above the stress- 
limited i»egion but to the left of the stress-intensity line in 
which safety would be Indicated by the stress -intensity approach, 
but tests of smooth speclinens and service experience Indicate that 
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SCC will occur. Comparisons of such charts In Figure 111 for 
the various aluminum alloys Included In the present Investigation 
not only illustrate the superiority of the high resistance group 
of alloys, but also show that the threshold stress Intensity maj 
not be as restrictive, or as realistic for aluminum alloys, as 
the threshold stress. On the other hand, for several of the 
stainless steel alloys tested, such as the I 5 - 5 PH H900, PHI 5 - 8 M 0 
H950 and HIO 5 O, kyi HTl25j and the 6 a1-4v titanium alloy forgings, 
the threshold stress intensity appeared to be more restrictive than 
the threshold stress. 

C. Problems in Interpretation of Accelerated SCC Test Data 

Accelerated SCC tests are necessary for alloy development 
because it is not practical to perform such tests only in natural 
environments, which may require long exposure periods. Ttofortunately, 
all accelerated corrosion tests are subject to limitations that are 
related to the material and the environment. In the case of SCC 
tests there is the additional limiting factor in the mechanics of 
the stress situation. Test procedures must be sensitive enough to 
detect a low degree of susceptibility to SCC, yet not so drastic 
that materials with low and high susceptibility cannot be differentiated. 
The definition of a significant "low degree of susceptibility" must 
be based on the requirements of the intended structu3?es. Thus it 
is Inevitable that there will be problems with interpretation of 
accelerated test data. 

Problems have arisen in defining "intermediate" resistance 
to SCC because variables in the SCC test procedure can have a 
marked effect on the test data. The choice of test conditions can 
profoundly Influence the relative rankings of alloys and tenors 
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and the selection of materials of construction 
test vill provide unambiguous test data free from extraneous 
corrosion and mechanical effects that are neither a part of the 
5CG process nor involved in practical situations, Pollovrlng Is 
a discussion of some of the problems in interpretation that were 
obser/ed in smooth and precractced specimen tests in this investigation, 

1, Smooth Specimen Tests 

Times to failure (l.e,, specimsn lives) ai^, per se, of 
limited use in ranking alloys except under special circumstances. 

To obtain an estimate of the more useful "threshold" stress, ^th' 
to initiate SCO in a smooth specimen exposed to a given environment 
a large number of test specimens is required, particularly if the 
threshold is to be detemined with a high level of confidence. It 
is evident from results of the smooth specimen tests in this 
investigation tliat a gi*eat maiiy more specimens would have to be 
tested to obtain close estimates of threshold stresses for the 
materials tested. Although estimates of threshold stresses plotted 
in Figures 105“107 could only be shown as "greater than" or "less 
than" a specific test stress, such data nevertheless are useful 
in developing general characterizations of materials. 

Apparent threshold stresses are Influenced the cross- 
section area of the test specimen, the loading method, corrosiveness 
of the environment and the length of exposure. These factors are 
especially likely to determine whether or not a specimen will fall 
when testing materials with an intermediate resistance to SCO. 

Test media that are too mild and exposure periods that a3re too 
short will lead to threshold estimates that are unrealistically high. 
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Such was the case for certain of the aluminum allpy tensile 
specimens that were continuously Immersed In the salt-dlchromate- 
acetate solution (Refer to Figures IO5 and IO6). Increased 
sensitivity was gained with the more corrosive 5.5^ Nad alternate 
Immersion teat as shown In Figure IO7. But when a teat specimen 
becomes pitted appreciably and the net section stress Increases 
above that of the nominal gross section stress (Figure 8), the 
threshold stress to Initiate SCO In a smooth surface becomes 
Indeterminate, Estimates of "thus tend to be unrealistically 
low. Also, there Is the problem that pitting of the small specimens 
may result In tensile overload failures that become confused with 
failures caused by SCO and again leads to threshold estimates that 
are unrealistically low. Metallographlc or fract ©graphic examinations 
are required to determine the real cause of the fracture of pitted 
test specimens. 

There Is still the question as to the most realistic size 
of test specimen to be used. 

2. Precracked Specimen Tests 

There are a number of experimental difficulties with tests 

of precraclced compact tension and BCE specimens that must be 

overcome If meaningful threshold stress Intensities and accurate 

K”Rate curves are to be obtained. Most of these have been Illustrated 

(42) 

and discussed in detail by Smith and Piper ^ and by Speldel and 
Ryatt*^^^^, Including such factors as residual stresses, corrosion- 
product wedging, specimen orientation and grain flow, crack branching 
and de lamination. Son© other procedural difficulties not given as 
much emphasis in the literature were encountered In the present 
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in vest igat Ion . 

a, Kt Ify Crack Initiation 
^soc 

Estimating Kt by testing specimens under constant 

^SCC 

load at various applied Kj values appeared to be the most reliable 
method but it is not l*ree from problems of interpretation. For 
example, as shown schematically in Figure 108(b), the time for 
incubation of SCO (tj^^Q) and the time for the specimen to fracture 
(tp) are not equal, especially at lower values approaching 

A more meaningful estimate of Kto-„ would be obtained from 
the t^^^ curve because it should be free from the effects of specimen 
size and fract’jre toughness of the material that will Influence tp. 
However, it generally is not feasible to determine the curve, 

as the first evidence ef SCC is difficult to obtain, Bscause a tp 
curve is the usual substitute it is advisable to check all "run-out" 
tests to determine whether SCC has initiated. This practice, which 
was followed In the present investigation, will tend to give lower 
estimates of Kj then if failures are only recorded for fractured 
specimens . 

The chief problems Involved in the determination of Kt_«_ 

*SwC 

by crack Initiation are long incubation times at levels close 
to the apparent threshold, possible blimtlng of the precrack at 
high levels and corrosion product wedging. Evidence of long 
incubation ttu^s was noted with both the ring-loaded aluminum all<^ 
specitoens and the bolt-loaded steel specimens. In the tests of the 
steel alloys, some inconsistency was observed at the high Kjj_ levels 
with the result that environmental crack growth would not start. 
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Corros Ion-product wedging, which could cause lower apparent 
values, did not appear to be a problem with the ring loaded 
aluminum alloy specimens li7. this investlgatloii , 

bj by Crack Arrest 

Determination of by the arrest method In a decreasing-K 

(constant deformation) test requires that the SCO Induced at a high 
level of Kj will decelerate as the crack lengthens until SCO ceases 
(i.e., crack arrest), or until the rate of crack growth becomes 
vanishingly small. One advantage of this method In most cases Is 
the avoidance of long Incubation times. Nevertheless this procedure 
also Is time-dependent, and It Is necessary to have an explicit 
interpretation of the terra "arrest". To be of engineering significance 
the crack t?!T*owth rate used to denote an arrest also should be 
relatable to service performance. Speldel and Hjratt^^^^ recommended 
for aluminum alloys a velocity of 10"® cm/sec., or about 1,4 X 10**® 
in. Air. as a convenient Indicator of Kig^^. 

A see growth rate of about 1.4 X 10"^ In.. /hr. In the 
accelerated tests used in this Investigation appears to provide a 
reasonable estimate of for high strength aluminum alloys If 

It Is assumed that a sce growth rate In a seacoast atmosphere of 
10"® In. /hr. (approx. 0.1" In 10 years) is tolerable In an unprotected 
structure; I.e., It will assure a satisfactorily low probability 
of sec trouble. However, with a measurement limitation of 0,01 in., 
an undesirably long exposure of more than one year In the atmos- 
phere during which there Is no measurable crack growth would be 
required to demonstrate crack arrest. In an accelerated test giving 
an see growth rate ten times that In the atmosphere (as the tests 
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In this Investigation did) only 1000 houFS (4l days) would be 

required. But In this Investigation It was shown that with 

expOf3>%res longer than 300 hours (12.5 days) In the 3»5^ NaCl test 

or 600 hours (25 days) In the salt-dlchromate-acetate teat 

corrosion-product wedging becomes dominant, with the result that 

calculations of stress Intensity become meaningless. Thus, the 

estimates of Ki__^ In these teats must be based on growth rates 
see 

of about 3 X 10“5 In. /hr. for the 3*5?^ NaCl teat and about 1.7 X 10"5 
In. /hr. for the SDA. test. These rates do not differ much from the 
rate proposed by speldel and J^ratt. 

unfortunately, the determination of by the arrest 

cttsthod may be impracticable for many alloys and tempers because of 
corrosion-product wedging. This problem la especially acute with 
aluminum alloys because of the relatively Insoluble and •voluminous 
nature of the corrosion products. With the low resistance alloys 
the corrosion product wedges drive the crack onward In the saaie 
manner that exfoliation corrosion advances, /ill different degrees 
of arrest and temporaiy arrest were observed, as shown In Figures 
50 and 51 > rendering the estimates of Kt very Inaccurate as 
Indicated In Figures 55 and 54, The]?e may not. In fact, be a true 
Kt_„. for a product with a very directiojial grain structure, such 
as 7079”T651 plate, when It la loaded In the short -transverse (S-L) 
direction. An Indication of this Is shown in Figure 30 by the 
Initiation of SCO In specimens exposed with no applied load for 
Just a few months In a seacoast atmosphere. Experimental evidence 
of a threshold stress intensity will certainly depend upon the test 
environment. With the high resistance alloys the corrosion products 
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bulld up into compact wedges that actually force the metal apart, 
as If In a very slow tear test, even If It Is not susceptible to 
SCO. Any slight susceptibility to SCO probably will be evident. 
However, under such severe wedging conditions it becomes Impossible 
without a metallographlc examination to distlng.uliiih between 
materials with alight susceptibility to SCO and those which are 
just being torn apart (Refer to Figures 105“107). 

c. Invalid Kt Values 

J-scc 

Invalid data can be derived for materials with a 

-^scc 

relatively high resistance (or immunity) to SCO in two other 
situations. One such source Is the misinterpretation of residual 
stress Intensities measured in bolt loaded specimens after exposure. 
A Kij, value that is lower than the Intended value Is not 

necessarily a measure of Ki_„„, and shoiild not be regarded as such 

( 58 ) 

until It Is established that SCO really occurred . In previous 
sections it was pointed out how values might seem to be low 
as a consequence of either inaccuracies In applying high values 
close to Kjq that result In small amounts of plastic deformation, 
relaxation of the stress during exposure, or a small amount of 
corrosion product wedging. The effect of any of these events would 
be to cause part of the COD to be Inelastic and give the effect of 
a reduced load when the specimen Is unloaded to measure the final 
COD. Such behavior was noted for aluminum alloys 5456-H117 and 
606I-T65I and the steel alloy 15-5PH HII5OM, and specific values 
for therefore were not Indicated. It would be meaningless 

to report a Kig^,^ value In the absence of actual environmental crack 
growth. 
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has pointed out that Invalid Ki___ data also 

see 

can be obtained for naterlels with a very high fracture toughiiess 
when the fracture tests reflect a Kj-supression effect. This Is 
of especial ci>ncern because the a^^j, value corresponding to the 
onset of fracture (Kj^) or 3CC may be underestimated by 

more than a factor of ten when such values are calculated on the 
basis of Invalid Kq or apparent values. Novak’s analysis 

provides a framework of classifications for placing such 

data In perspective. Examination of the data for the highest 
toughness alloys tested in the present investigation indicates that 
Kj-supression effects were not involved. 

d. Measurement of da/dt 

One of the problems in determining ly the arrest 

method Involves the experimental difficulties in measuring very 
small amoxmts of crack growth and the interpretation of the erratic 
growth curves that are obtained (Figure 53). A more sophisticated 
technique is needed to measure the original precrack and to monitor 
creek growth, as measurements on the surface sometimes provide 
only a crude estimate of actual crack growth at the interior of 
the specimen. While special techniques have been devised for 
mechanistic studies of small numbers of specimens, a slnple economical 
procedure is needed for the many tests required for alloy development 
work. 

A possible approach for the latter ueed is to run a set 
of replicate bolt loaded specimens for a fixed period, determine 
the amount of crack growth at the end of that time and calculate 
the average growth rate for the test duration. The period of 
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exposure should Lw chosen so as to permit ample time to Initiate 
see of slightly susceptible materials and short enough to avoid 
appreciable cracking by tensile overload as a result of corrosion- 
product vedging. The optimum combination of corrosive environment 
and test period must be based on trial test data for materials 
that can be related to service performance. 

X. SUMMARY AhD CONCLUSIONS 

The following summary statements and conclusions are based 
upon the work performed In this Investigation to evaluate SCC 
susceptibility using fracture mechanics techniques and a review 
of published literature. Tests were performed on a variety of 
aluminum alloys, precipltation-tiarden^ng stainless steels and 
6 a1-4v titanium alloy with wedge-opening load precracked compact 
tension and DCB specimens exposed both to accelerated tests and to 
the outdoor atmosphere. First are some general statements about 
the test methods and then statements related to the particular alloys 
tested In this Investigation. Specific needs are mentioned along 
the way as guide posts pointing to future work. 

A. Test ?fethods 

1. Despite claims of early advocates of precracked test 
specimens, there still Is no single, fool-proof stress corrosion 
test method that is free from special limitations on test conditions 
and free from problems of Interpretation of the test results. Thus, 
it is highly desirable to develop guidelines or recommended practices 
that will lead to uniform procedures for stress corrosion testing 
with the relatively new fracture mechanics method with precracked 
specimens as well as with the older conventional method with smooth 
specimens. Several reviews of methods for determining susceptibility 
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to see with smooth and precracked specimens are available and 
are listed In the Bibliography. Moreover, a number of task groups 
under ASTM Subcommittees 001.06 and E24.04 are now preparing 
recommended practices for use with the more widely used specimens 
of both types and test environments. 

2. The advantages proposed for tests with precracked 
specimens are that, (a) the uncertainties associated with initiation 
of see are minimized, (b) a flaw geometry Is provided for which a 
stress analysis is available through fracture mechanics, and (c) 
data are provided in terms of SCe growth rate and the related 
crack- tip stress intensity factor, that are potentially more useful 
for predicting the behavior of large structural components containing 
macroscopic flaws. The threshold stress Intensity, quantifies 

the resistance to SCC with a single number that has predictive 
capabilities with respect to combinations of pre-existing crack 
depths and gross section stresses which would cause SCC In a specified 
environment. However, Wei, et. al,^ ' have cautioned that: 

"Because the apparent are so dependent on test procedures and 

conditions. Its practical utility must be carefully la-evaluated" > 

5. The most common way to deteralne is exposing 

■^scc 

to a given corrosive environment a number of replicate specimens 
loaded to various levels to observe a mlntraum Kj value at which 
stress corrosion crack growth will occxir diu*lng an arbitrarily 
selected time. The main disadvantage of this method Is that long 
Incubation times may be required at levels close to the threshold. 
Long incubation times often can be avoided with a specimen loaded 
by constant deformation to a high Kj level to initiate SCG and then 
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monitoring the SCC velocity as the crack grows, causing the gross 
stress and Kj to decrease; Kj then 1s designated by an arbitrarily 

•*'3CC 

selected low crack velocity (or when crack growth is considered to 
have stopped). Although this method of determining Ki by 
"crack arrest" seems very attractive, it is not feasible in many 
instances because of the Interference of corrosion products foimied 
near the crack tip. These products create high unknown wedge 
forces that influence Kj so that it cannot be calculated simply 
from the crack length, 

4, For a given alloy and environment the SCC propagation 
rate is closely related to and varies with the stress intensity at 
the crack tip Kj; hence, to characterize the stress corrosion 
behavior of an allc^r by its SCC propagation rate it is necessary 

to consider the Kj-rate relationship over the full range of Kj from 
Kr„ to Ki_,„ (Figure 108a), Nevertheless, it appears that the 
relative resistance to SCC of alleys can be ranked fairly efficiently 
by comparing the SCC propagation rates (plateau velocities) at high 
levels of Ki close to the respective critical stress intensities, 

5. There are a number of formidable experimental difficulties 
with tests of precracked specimens that must be overcome if meaningful 
threshold stress Intensities and accurate K-fiate CiUrves are to be 
obtained for all types of alloys and product forms. Factors such 

as residual stresses, crack branching and materials with very high 
toxighness present particularly difficult problems. Therefore, it 
seems that at this time tests with precracked specimens and fracture 
mechanics analyses should be coordinated with smooth specimen 
tests to more f?illy describe the stress corrosion resistance of an 
alloy. 
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6, Comparative rankliiga of the relative resistance to 
see by tests of precracked and smooth specimens were found to vary 
with the alloy and temper. Materials with a low threshold stress 
for initiating SCC in a smooth siarface, also showed a low 

KigcQ tendency for a relatively high SCC velocity under plane 

strain conditions. On the other hand certain steel and titemlum 
alloys with a high^^^ showed a relatively low high SCC 

velocity under plane- strain conditions (Figures 105-107). The 
existence of a plane-strain stress state, however, is not a 
prerequisite for SCC of most of the materials that have been known 
to give SCC problems in service. For many thin components information 
regarding the threshold stress to initiate SCC in a smooth surface 
is likely to be more relevant than test data obtained with precracked 
test specimens; hence, thei*e is need for a fuller development of 
the practical significance of ttje test data and the application of 
it to the design of engineering structures, 

B. Tests of Aluminum Alloys 

1. anooth Specimens 

The SCC behavior of the 15 alloy and tei?>er combinations 
tested with smooth specimens was representative of the performance 
of these materials established by service experience and previous 
lab tests of smooth specimens. Exposures of three months to 3»5^ 

NaCl by alternate immersion and three years in seacoast and Inland 
industrial atmospheres have been coH 5 )leted, There were no SCC 
failures of longitudinal specln^ns of any of the materials. With 
short-transverse specimens the performance varied widely, as 
anticipated, ranging from no susceptibility at Y.S. (highest 
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streas tested) to marked susceptibility at about 15^ Y.S, (lowest 

stress tested). The data are summarized la Tables XIII- XVI, XXX 

and Figures 105~107. Although no long-transverse tests were made 

in this investigation other experience has shown that the resistance 

to see of long-transverse specla^ns from rolled plate is very high, 

(22 34 42) 

nearly equal to that of longitudinal specimens'' * * 

2 , Precracked Specimens 

a. Trends derived from the precracked specitaens agree with 
established trends derived from smooth specin^n data, and it 
appears that SCC growth rates at the higher Kj levels (l.e., 
plateau velocity in Figure 108a) can be used as a supplementary 
basis for comparing and rating new alloys and thermal treatments. 

b. Stress corrosion data in terms of estimated Kx and 

J-sec 

SCC growth rates for the various alloys and tempers tested are 
summarized in Tables XIX, XX and XXX, and shown graphically in 
Figures 43, 53 » 54, 105, 106, 107. In general, estimates of Kj 

oCC 

for S-L oriented tests in seacoast or industrial atmospher-e were 

greater than 80^ Kt« for high resistance alloys such as 5456-H117> 

"*■0 

606I-T65I, 2219-T87, 202I-T8I, 2024-T85I and 7075-T735I and in the 
range of about 20 to 50^ for alloys such as 2014-T651, 2024-T351^ 
2219-T37, 7075“T651, 7039 -t 6551, 7079-T651 and 5456- Sens. SCC 
growth rates for s-L oriented specimens stressed close to Kj^ in 
a seacoast atmosphere were about 1 to 5 X 10“'*^ in. /hr. (1 to 5 
In./^r.) for the low resistance alloys and less than about O.O3 
In./Vr. for a highly resistant alloy such as 7075"T7351. 

c. To investigate the K-Rate relationship for an alloy in 



- 111 - 


a decreasing-K test the most suitable specimen appears to be a 
double-bolt loaded DCB specimen vlth a chevron notch similar to 
that described by Speldel and J^att^^^^ and presented In a draft 
of a proposed method of test presently under consideration by 
ASTM Subcommittees G01.06.04 and E24.04. A sketch of the proposed 
specimen Is shown in Figure 112. Other (unpublished) data obtained 
at Alcoa Research Laboratories supplementing the work in this 
contract Investigation have shown that this modification will 
produce the same results as the slightly modified Boeing DCB used 
In the present contract (Figures 9, 26, 27). An advantage of the 
new modification is In the ease of producing a mechanical pop- in 
with minimum plastic deformation of the tougher alloys. Although 
a minimum specimen thickness is not required to Initiate SCC, it 
Is desirable to maintain plane strain conditions when feasible 
to facilitate pop-ln. 

d. Estimates of Kj can best be approached by the crack- 

see 

initiation procedure, A "constant" load applied with an elastic 
ring (or dead weight) appears to be the most practicable method 
because of the convenience in automatic monitoring and recording of 
crack Initiation and growth (Figure 12-15), A fatigue precracked 
compact tension specimen Is preferred over a tension precracked 
specimen because of higher precision in applying the Initial stress 
intensity For this type of test continuous inmterslon in a 

salt -dichromate-acetate solution has the advantage over plain 3 • 5 % 
KaCl because it causes more rapid SCC crack growth and less rapid 
general corrosion of the precrack (Figures 21, 24, 50, 51), 
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e. Discriminating between highly resistant tempers, 
however, still poses a problem because of difficulties associated 
with Identification of extremely slow crack growth rates. One 
difficulty is associated with the actual measurement of slight 
amounts of localized or uneven growth (Figures 45, 55), Another 
difficulty arises because the small amounts of sub-critical crack 
growth Insulting from cori’oslon product wedging and tensile overload 
cannot be distinguished from equally small amounts of growth resulting 
from see without njetallographic or fractographlc examination of 

the crack tip (compare alloys 2219-T87 and 7075“T7351 in Figures 

105-107). 

f . Meaningful testa can be obtained only with S-L or S-T 
oriented specimens; i.e., with load applied In the short-transverse 
direction relative to the grain structure and crack growth directed 
in either the longitudinal or the long-transverse direction. 

Attempts to test specimens with other orientations, such as L-T, 
with load applied in the longitudinal direction will result in 
stress corrosion cracks growing out of the plane of the precrack 

and rendering calculations of both Kj and crack growth rate impossible 
(Figure 28, 29, 47). 

3. see Ranking of Alloys and Tempers 

Because of experimental difficulties associated with the 

determination of precise SCO thresholds ( (Tlu and Kt ) and SCC 

th J-3CC 

growth rates, a method of classifying the scC ranking of materials 
into broad groups based on accelerated tests of both smooth and 
precracked specimens appears to be advantageous. An exanple of such 
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an approach for alurainun alloy prodiicts tested in the short- 


transverse 

direction 

(S-L) is shown 

below: 



General 

SCC 

Threshold 

SCC 

Typical 

SCC 

Gross Stress 

Stress Intensity 

velocity 

Allov 

Rating f 1 ) 

^ G.Y.S. f2) 

^_KTc(3) 

m./lir.(4 

6O6I-T6 

A 

>90 

>95 

<1 X 10"^ 

7075-T75 

B 

>75 

>80 

<5 X 10"^ 

7075-T76 

C 

>40 

>50 

<5 X 10" 

7075-T6 

D 

<40 

<50 

>5 X 10"^ 


(1) Practical significance of ratings: 

A - No known Instance of SCC in service or in standard 
laboratory tests 

B - ?lo known instance of SCC in service; limited failures 

in standard laboratory tests of short-transverse specimens 
under extreme stress (intensity). 

C “ No known instance of SCC in service, SCC not anticipated 
in service at short-transverse tension stress resulting 
from heat treatment and quenching or from design and 
assembly stresses kept below about 40-5C^ of the guaranteed 
yield strength. Higher sustained tension caused by forming 
or assembly of misfit components must be avoided. 

D - Limited SCC in service principally when component stressed 
in short -transverse or transverse direction relative to 
grain flow; SCC \anllkely if tension stress sustained only 
in direction parallel to grain flow, 

(2) 0,225-in, tension specimen; ARL frame; 50 days NaCl 

A, I, (M825) 

(5) compact tension specimen, fatigue precracked; constant load; 
2000 hr, salt-dlchromate-acotate, 

(4) DCB; 2-bolt load to mechanical poo- in; 500 hr. 5.5^ NaCl 
dropwise; average velocity at 95-80^ 

To determine the rating for a material, check the SCC velocity and 
at least one of the two SCC thresholds and use the lowest of the 
criteria to establish the SCC rating. The use of such a system, 
of course, would require standardization of the test procedures. 
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G. Tests of Precipitation Hardening Stainless Steels 

1, Smooth Specimens 

Exposures of 7 tno, to 3.5/^ Nad by alternate imme rsion 
and 28 mo. In seacoast and Inland industrial atmospheres have 
been completed, and the results are summarized in Tables XXV, 

XXV.I, XXX and Figures 105 and 106, The SCC behavior of the 13 
alloy and temper combinations tested with smooth specltuens generally 
fell into line with published results of other smooth specimen tests 
of these alloys. The most susceptible alloys were the AM355 SCT8;50 
bar, PH15-7M0 RH950 and RHIO5O, 17-7PH HLO5O and 431 HT200. 

Specimens of AM355 SCT85O, 431 HT200 and PI-£L3"8 mo H950 I’eraoved 
from the 2 or 2,25" x: 6" rolled bar in three orientations parallel 
to the three major axes L, T and S, showed no appreciable difference 
in behavior. The seacoast atmosphere was distinctly more aggressive 
in causing SCC than the Inland industrial atmosphere and slightly 
m02?e aggressive also than the 3-5^ WaCl alternate Ijnmersion test. 

2 . Precra ; ;^ed Specimens 

a. Stress corrosion data in terms of estimated Kjg^Q and 
SCC growth rates for the various alloys and tempers are summarized 
in Tables XXVIII and XXX, and shown graphically In Figures 93# 105 
and 106. In the seacoast atmosphere crack growth started almost 
immediately in T-L specimens loaded to 95^ for all of the 
materials except 15"5PH H1150M, and propagated 0,2 to 0,8 in. within 
three months; the average crack growth rate was about 2 to 9 X 10“^ 
in. /hr,, similar to that of short -transverse (S-L) specimens of the 
low resistance aluminum alloys (Figure IO5). Estimates of 
were below 50^ Ki„ for nine of the alloys, between 50 and 75 ^ Kt« 
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for 431 HTI25, and AM355 SCTIOOO (plate and bar), and above 
about 95^ Kq for the 15**5PH HII5OM vhlch did n: show any 

crack growth within the 28-mo. exposure. 

b. Within 29 mo. In the Inland Industrial atmosphere 
crack growth Initiated In only five alloys (17-7PH RHLO5O, PHlS^TMo 
RH950 and RHIO5O, 43I HT200 and AW355 SCT85O bar), and except 

In the case of I7-7PH RHIO50 the amount of crack growth was 
slight even at 95/^ (Appendix Table D-8). Estimates of Kig^^ 

In this environment were about 50 ^ Kiq or above, but It Is probable 
that see will start at lower values with continued exposure. 

It seems noteworthy that the five .alloys and tempers just mentioned 
are the only ones that failed as smooth specimens In the seacoast 
atmosphere; only three of these failed as smooth specimens in the 
industrial atmosphere (PH15"7Mo RH950 and RHIO5O and AM355 SCT85O 
bar (Tables XXV and XXVl)). 

c. The performance of the various all^s and tempers In 
the 20^ NaCl exposure was about the same as In the seacoast atmos- 
phere except that there was a marked Inconsistency in behavior of 
replicate specimens of the more resistant alloys (Figures 83-88). 
Although estimates of Kig^.^ for some of the alloys were handicapped 
because specimens were not exposed at low enough values, closer 
estimates based on "crack-arrest" were possible In many Instances 
(Figure 9?). 

d. Orientation of the test specimens had no appreciable 
effect on the SCO performance of the three alloys tested, just 
as In the case of the smooth specimens. 
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e. Both the crack"arrest and the crack"inltlatlon 
procedures appear to be suitable for testing these steel alloys. 
Corrosion-product wedging did not appear to be a probleio In tests 
extended at least to 2000 hr. The type of specimen shown in 
JFlgure 112 should be practical for steel alloys although tension 
precracking may not be feasible for some higher strength alloys, and 
side grooving to mlnliulze crack branching should be considered. 

f. Because the tests with precracked specimens gave a 
decidedly lower ranking for certain martensitic precipitation 
hardening alloys and tempers that showed a high threshold stress 
for Initiation of SCO In a smooth surface, it appears to be 
essential that tests of both types be used to Investigate the 
resistance to SCO of such alloys. It should be considered that 

for components of thin sections not involving discernible j»»e-exlstJ ng 
flaws, the more optimistic smooth specimen test data would be more 
applicable. Henthorne^^^^ has cautioned that the use of Kjacc as a 
design criterion for martensitic precipitation hardening stainless 
steels (Custom 450, 455) is questionable in view of the probability 
that design factors in service could cause the com^oslon aspect of 
cracking (e.g. generation of hydrogen in crevices) to dominate and 
produce cracking at lower stress intensities. The saane concern should 
be given to the use of CT ® design criterion. 
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£L. Testa of Titanium 6 a1-4V AHqt 

la SMQQth S.T»fiiffiana 

Both the beta-foi^ged and the alpha-beta foiled materials 
demonstrated a high threshold stress for initiation of SCO in 
a smooth surface, as Indicated by the absence of failures under 
stress of 75?^ Y.S, during exposures of 12 mo. to 3*55^ NaCl by 
alternate iimersion and 28 mo. in seacoast and inland industrial 
at?aospheres . 

2a tecacaoliLed. ■^Beoingjns 

a. The beta-forged material also showed hi^ threshold 
stress intensity for laitiatlon of SCC as indicated by absence 

of SCC in fatigue precracked specimens at a stress Intensity of 

75 and about 95^ Kj during exposures of 27 mo, in seacoast and 

o 

inland industrial atmospheres. Alpha-beta forged material, on 

the other hand, developed SCC at 75 and 50^^ Kj in fee seacoast 

c 

atmosphere but not in the industrial atmosphere. 

b. Crack growth occurred in 3.5^ IfeCl solution for 
specimens from both the beta-forged and the alpha-beta forged 
materials at applied stress intensities of appi*oximately 955^ 

and 755^ Kl^ but not at 50^ (Fl^ire 102) , Tlie SCC was very rapid, 
with all growth ceasing by the end of 2 to 2.5 hr. and not resuming 
during 5000 hr. subsequent exposure. During the short period of 
crack growth the average rate of propagation was 0.04 to 0.15 in. /hr, 
for the beta forging and 0.l4 to 0,24 In. /hr, for the alpha-beta 
forging. 



LIST OF MATERIALS AIO SOTOCES OF SUPPLY 


tnovo o\o\oo 30 two two o% 

f<\o o o OV 5 T tnmo r-{ o 

cy cy t^cy cu cy cy^vo a\o\o\Q\ 
vo\S kDvo j?- CO vo'jD'byDVOvo oudVdVo 
VO CyVOVO-srKVHVOVO^VOVOVOVOVOVDVO 


tnVOvOOD t^O\G\0 O r-f H <^lO 
VOVDVDVOvOvOVO 

VOVOVO'OVOVDkoVOVO’OvO ovo 

VOVOVDVDVDVOVOVOVOVOVG DvD 
VOVDVOVOVOVOVDVOvOVOVD DvO 
f ^ K\ r^\f^ 


lOVO 

VOVD 


-)\0 


(D 

s 


H HH HHrWm 

VOm ^^^aD (f\QDVOUJVjD t-Xo H 

Eh s Eh £H Et Sh Eh Eh E-t W— 6-> Eh E-I Eh 


O O 

?.8,?v8 

O O COM® -I 

mo m ?=: mp 

o mo o oojoehEhEhEh 
MCT iiHO mo mrH c\j o o o o 
_OHmo 

S^&.r-. i.K 


ID 

<0 

o 

lu 

cc 

n 

< 


0) 

o 

§ 


g 

£ 

'O 

2 

5 

<H 

P 


w 


CVJ 


w 


oi cu 




tnEn>-t^mmmmm^7Sj tr^ 
H mm, 


mn 

m® . 

£h Eh Eh Eh EH Eh Eh eh EH EH 


I — j I — i M 




6 

rH 

< 

B 

I 

E 

13 


■§)4 

PH PH 

x:x:x 

x:jzx:x: 

n 

& 


t^wuitc 

PL| Ph Ph PH 

rH 

3 

r r 

c» ^ 

•l *A *» % 

* • • • 

rH 

d o' 

o o o 

o o o o 

© 

o o 

ooo 

o o o o 

© 

c3tS 

rH o3 d 3 oij rH rH 

q 3 cy ey eii 

io 


H H 
■ ■ 

-'•H ***^ 5J *H ^ *rt flj ffl • 

-HfH ^ _ ^OfHiHHOOrHfHrHrH 
}HrH*-iW(-3 QrHHH O OrH>— IrHr^ 


OUUO OOOOOOOOOOO 

*r-t *H ^ 

j3X3^^ , x:s:,i::^cjc^x:^jzxi 

+^4J+>-Pi*JJirf4J+?-P-PP-P-P-P+5-P+J 

o o 

— — — j; ^ X A ~ 

HrHHiW^ HHHHHHHrHHiHH 
r I I I :: = I t I t I t I I I f I 

cyojcycucycvicycycycjcvjcycycycjcycy 

oa)Q)O)O(t}4i}a)(i>0<i)<DQ)<i)a)<i>® 
4Jp+ip+3-P-P'P+3-P-P4J-P-P4J-P4J 
oJQl0cda)c0{i}Q)45P9cdcuQ}Qj€0catf 
rH/HHHfHi— IrHrHrHHiHrHrHiHrHrHfH 
P-(P^PL(pHPHp-l(l4PHP^pLtP-lpHP^^PH0-lA4 


'O'O'O'O'O'O'O'd'O'o^'O'O^a'O'O'O 
0(DV<D£(D4l}(&0<DC<D<D<P(D<D<D 
H’HfHrHiHH'Hr-fHHHi— <HHHr-JrH 

OOOOOOOOOOOOOOOOO 


O 

OQO in 

OO 0= H= - = = =: = S r 
CCKK= W= = = = = = = = 




JidJii 
t) O 

CouDvbvbODvbvb^ib 5 v 
><:k><xkkkn k= = 

rH rH 

rHiHrHrHrHrHr^fHrHr^cH 
I I I I I t I I t = = 

HHrHcycycycycucy© ©OJcy 
Sh fH El Ei El Eh B « U 
ISpkl 

'OT3'0'0'OTO'D'0*0*OW*0'0 
©©©©©©©OOOliOO 
HrHHrHrHrHHrHiHH»HfHrH 
H H rH H H H H H H fH rH H H 

ooooooooodooo 


I 


££ 
O O 


c 

Sa 

I 

OJ 


»o 


£(q 

CT) ^ 


g 

rH 


0 - H=^=^‘ 0 ^cy^a^CMninHvovo=^• -=*• tnin 


oo^ 

Q O t I O O 

^ss:ooss 


t^mmoic^mm 

HHrH._ rHi-4 
tCiC I 'T'irltrl 

(Ih a< mm a, 


n* 




I mmKNmrnm 


I I 


Motes ; (,1) plant fabricated and heat treated material available at Alccja Research laboratories 
from stock procured for another Investigation. 

(2) To be artificially aged to specified condition at Alcoa Research laboratories. 

(3) Stress corrosion susceptible tetqjer produced by heating the plate at 300“p. 
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(?) Offset equal to 0.2 per cent. 
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: (1) Gbst analyses furnished ty the manufacturer; product analyses 
the Spectrochemlcal laboratories j Inc. of Pittsburgh, Pennsyl' 
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Note : (1) Results are average of duplicate 0.125" dia. tensile bars from center of bar 
or plate thickness, 

(2) Offset equal to 0.2 per cent. 

(3) AnonalouB test rrsult; a value of about I60 would be expected. 
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NOTES : fl) Considered meaningful and useful, although not technically valid according to ASTM criteria. 

1 2; Not valid for Kig. Did not a»et ASTM criteria for Bpeolmen thickness or plastic deformation of the 
specimen. 

(3) Technically valid according to ASTM criteria, but these values appear to be lov. 
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Notes! (l) In addition to the stressed specimens, duplicate unstressed specimens (U.3, IJ.4 and either N21, K22 or N27, N28) 
wei'o exposed for each alloy-temper. 
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5) Severely corroded specimens broke while dismantling after exposure 
6^ Severe localized corrosion. 

7 ) Transgranular cracks emanating from pits. 
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Table XIX 

SHORT-TRANSVEHSE (S-L) COMPACT TfflSIOfJ SPECIMENS OP HIGH RESISTANCE ALWOKUM AILOYS 
EXPOSED TO VAHIOUS ETAfmONMEfrrS 
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ENVIRONMBM'.AL CRACK VELOCITY IN ALIMINIM ALLOYS EXPOSED TO VARIOUS ENVIRONMENTS 
SHORT-TRANSVERSE (S-L) BOEING DCB SPECIMENS BOLT LOADED TO POP- IN 
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Note : (1) Transgranular mechanical fracture rather than intergranular SCC. 
(2) Baaed on the first six months of e:?q)Osure. 




POP-m EXPERIMEW'S WITH SHORT-TRANSVERSE fS-L) BOEING DCB SPECIMKWa 
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H ocea ■■ (1) d{) - 2H tneasuped at bolt line t«fore loading. 

dl ' 2.H Gieaauped at bolt line after loading, 

dg ~ 2H laeasuKd at bolt line after unloading. 

[ 2 ) Fracture crack length based on average at T/2 and T/T.0 planes substituted for T/4 measuretnent. 

(3) Not valid per ASTM criteria for KJc* 



RESULTS OF TESTS OP RIHG LOADED COtIPACT TENSION SPtCIMENS 
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Notes : (1) Regarded as Kq value (not valid for 



Table XXV 


STEEL ALLOY SMOCW’H TBJSILS SPECLMiliS SCHEDULED FOR 4 YS\i?S EXPOSURE TO SEACQAST ATMOSPIERE 
n.'DIVrCUAL SPFXmEH IDEr.TIFlCATIOH (ND.^ AND TWE TO FAILURE (Tf> IN DAYSf-») 
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Kotea : 


(+) HO entry In Tr column Indicates epecloen has not failed and le etlll In test. 

(1) L “ principal rolling or forging direction of product, T = width of product, and 
3 ° thlclcness of product. 

(2) In addition to atreaaed speclmena, duplicate unatreeaed apoclmena were expoaed for 
each alloy-temper, 

(3) All specimens exposed Hay 3, 1970. 


Toble XXVI 


5TESL WIOT a«OOTH TENSILE SPECIMEriS 3CHEDU!:£D POn <) YEAHS EXPOSURE TO IHEUSTRIAL ATMOSPHERE 
TTOIVrCmL SPECIMEri ICET.TrFICATIOt: (NO. 1 Ann time to FAH.UREfTp IN DAYS f-f' 
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Notaa : f +) No entry In Tf oolussn Indloatoa specimen has not failed and la still in teat . _ _ 

( 1 ) L = principal rolling or forging direction of product, T “ vldth of product, and 3 = thlcknaaa 

of product. ^ , , ,, _ 

(2) In addition to stressed apecloiens, duplicate unstressed apeclmena were exposed for each alloy-temper. 

(3) All spoclmsna exposed April 9, 1970. 
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RESULTS OF EXPLORATORY TESTS OP COMPACT TENSION SPECIMENS 
(T-L) OF AILOY IMMERSED IN 20^ NaCl SOLUTION 
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Average length of crack roeasured on fracture surface. 

Cracks too long for valid determination of stress intensity factor. 


Table XXVIII 
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LONGITUDINAL SECTION SHOWING PRECIPITATE STRUCTURE 
AT MIDPLANE OF 2.500" THICK 5456 - H1 17 AND 5456 - 
SENSITIZED PLATE 
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FIG. 4 GRAIN STRUCTURE AT MIDPLANE OF FORGED 2%' 


X 6" BAR OF 6AI-4V ALLOY 
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D = 0.58 


^ THREADED HOLE FOR LOADING 
BOLT WHEN USED FOR SCC 


TESTS. 


Fig. 6 COMPACT TENSION FRACTURE TOUGHNESS SPECIMEN 



MAG: 1/2X 


FIG. 7a SHOWS THE 1/8 IN. DIAMETER TENSION SPECIMEN, THE VARIOUS PARTS OF THE 
STRESSING FRAME AND THE FINAL STRESSED ASSEMBLY. 



MAG: 1/5X 


FIG. 7b SYNCHRONOUS LOADING DEVICE USED TO STRESS SPECIMENS. A STRESSED 
ASSEMBLY AND ONE ASSEMBLED FINGER-TIGHT READY FOR STRESSING ARE 
SHOWN TO THE LEFT. BOTH THE STRESSING FRAME AND THE LOADING 
DEVICE WERE DEVELOPED BY THE ALCOA RESEARCH LABORATORIES, PRIOR 
TO THIS CONTRACT. 



AVERAGE TENSILE STRESS ON NET SECTION, ksi 



REDUCTION IN AREA OF NET SECTION, % 

FIG. 8 EFFECT OF CORROSION PATTERN ON FRACTURE STRESS AND ON 
NET SECTION STRESS IN 0.125 in. DIA. ALUMINUM ALLOY SPECIMEN. 
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STAINLESS STEEL BOLT 


SEE DETAIL 
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Fig. 9 DOUBLE CANTILEVER BEAM SPECIMEN USED FOR STRESS 
CORROSION TESTING OF HIGH STRENGTH ALUMINUM ALLOYS 
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Fig.10 K| VERSUS CRACK LENGTH FOR SEVERAL 
DEFLECTIONS IN ALUMINUM-ALLOY DCB SPECIMENS 
WITH A 2h VALUE OF 1 in. | AFTER HYATT |26| | 
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TYPICAL COMPUTER PRINT OUT OF STRESS INTENSITIES AND CRACK GROWTH RATES 
AT VARIOL-T INTERVALS DURING THE TEST 



FIG. 16 VIEW OF PORTION OF AN EXPOSURE RACK IN THE INDUSTRIAL ATMOSPHERIC TEST SITE AT NEW KENSINGTON, PA . 
SHOWING MANNER OF EXPOSURE OF TEST SPECIMENS IN THIS INVESTIGATION. 




FIG. 17a DIRECTIONAL PITTING PLUS SECONDARY SCC IN S.T. TENSION SPECIMEN 
OF 2024- 1351 (366207 - N5) THAT FAILED AFTER 8 DAYS EXPOSURE 
TO 3.5% NaCI - A.I. AT A STRESS OF 75% Y.S. KELLER’S ETCH (100X) 



FIG. 17b HIGHER MAGNIFICATION (500X) OF THE REGION CIRCLED ABOVE SHOWING 
THE INTERGRANULAR NATURE OF THE SECONDARY CRACK. SEVERAL 
CRACKS OF THIS TYPE WERE DETECTED IN EACH OF THE THREE 
2024-T851 SPECIMENS THAT FAILED AT 75% Y.S. 



DEEP DIRECTIONAL PI-n-.'NG IN S.T. TENFiON SPECIMEN OF 2219 - T87 
(338148-N8) THAT FAILED AFTER 42 DAYS EXPOSURE TO 3.5% NaCI-A.I 
AT A STRESS OF 75% Y.S. KELLER'S ETCH (100X) 


HIGHER MAGNIFICATION (500X) OF THE REGION CIRCLED ABOVE SHOWING 
A TRANSGRANULAR CRACK EMANATING FROM A SITE OF DEEP PITTING. 
SIMILAR ATTACK AND TRANSGRANULAR CRACKING WAS FOUND IN THE 
2219 -T87 .SPECIMEN THAT FAILED AFTER 76 DAYS (SEE FIG. 20). 








.'•-v 




FIG. 19a DEEP PITTING IN THE S.T. TENSION SPECIMEN OF 7075 -T7351 (366210 -N6) 
THAT FAILED AFTER 80 DAYS EXPOSURE TO 3.5% NaCI-A.I. AT A STRESS 
OF 75% Y.S. TWO MIXED-MODE CRACKS EMANATE FROM THE PIT. 

KELLER’S ETCH (100X) 



FIG. 19b HIGHER MAGNIFICATION (500X) OF THE REGION CIRCLED ABOVE SHOWING 
BOTH INTERGRANULAR AND TRANSGRANULAR TENDENCIES AT THE 
TIP OF THE CRACK (SEE FIG. 20). 



TENSILE FRACTURE 
















2219-T87 


7075-T7351 


Fig. 20 SEM FRACTOGRAPHS OF S.T. TENSION SPECIMENS STR. 75% Y.S. 
EXPOSED 84 DAYS TO 3.5% NaCI A.I. AND TENSILE TESTED. 
FRACTURE FACES OF TG CRACKS OF TYPE SHOWN IN 
Fig. 18b AND 19b. 



CORRODENTS 


+ - DISTILLED V/ATER (CONTROL) INITIAL pH 6 0 
A - 0 6 M Nd C l (3 5%) (CONTROL!, INITIAL pH 6 8 
V- SYNTHETIC SEAWATER (CONTROL). INITIAL pH 8 2 
O - 0.6M MqCI + 0 03M Na^CrO^, INITIAL pH 7 8 

# - 0.6M NaCI + 0.3M NojCrO^, INITIAL pH 8.2 

A - 0.6M NaCi + 0.0.02M Na^CrjO^ + 0.07M NaC^HjOj + HC2H30j TO pH 4 0 
▼ - 0.6M NoCl + 0.03M K2Crj07+ 0.07 fA. CrO^, INITIAL pH 1,3 

• - 0.6 M No Cl + 0.2 5 N 0 NO 3 + HNO 3 TO pH 3 0 

■ - 0.6M NaCi + 0.125M NojSO^ + H 2 SO 4 TO pH 3.0 



Fig. 21 COMPARISON OF ENVIRONMENTAL CRACK GROWTH IN VARIOUS CORRODENTS 
OF S-L COMPACT TENSION SPECIMENS BOLT LOADED TO POP-IN. 



2024 - T351 


2024 - T351 



7075 - T651 


FIG. 22 MACROGRAPHS ILLUSTRATING MULTIPLE CRACKING THAT OCCURRED ON THE COMPACT 
TENSION SPECIMENS IMMERSED IN SOME CORRODENTS. THIS DID NOT OCCUR IN THE 
SALT-DICHROMATE-ACETATE SOLUTION CHOSEN FOR THE GENERAL TEST PROGRAM. 
(MAG.3X) 


( 1 , 87 ) ( 1 . 93 ) 
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EXPOSURE TIME - HOURS 

Fig.23 COMPARISON OF ENVIRONMENTAL CRACK GROWTH IN THREE TYPES 
OF S-L SPECIMENS OF 7075-T651 BOLT LOADED TO POP-IN 




rig.24 ENVIRONMENTAL CRACK GROWTH IN S-L DCB SPECIMENS | BOEING DESIGN | 
BOLT LOADED TO POP-IN AND EXPOSED TO VARIOUS CORRODENTS. 



ENVIRONMENTAL CRACK GROVITTH - INCHES [ AVG. OF TWO SPEC. 1 



Fig. 25 EFFECT OF SPECIMEN THICKNESS ON ENVIRONMENTAL CRACK GROWTH 
IN S-L COMPACT TENSION SPECIMEMS BOLT LOAOEO TO POP-IN 
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EXPOSURE TIME - HOURS 

Fig. 26 COMPARISON OF 2-BOLT vs 1-BOLT LOADING FOR BOEING DCB SPECIMENS 
OF 7079-T651 S-L SPECIMENS BOLT LOADED TO POP-IN 
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Fig. 27 EFFECT OF TYPE OF PRECRACK AND METHOD DF LOADING DN ENVIRONMENTAL 
CRACK GROWTH IN S-L COMPACT TENSION SPECIMENS 
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91 94 84 


Fig. 30 FRACTURE SURFACES OF S-L COMPACT 
TENSION SPECIMENS EXPOSED WITH 
NO LOAD FOR 8.3 mo TO SEACOAST 
ATMOSPHERE. THE K|x VALUE EXPRESSED 
AS % K|c IS SHOWN FOR EACH SPECIMEN. 







Fig. 31 FATIGUE PRECRACK IN S-L COMPACT TENSION 
SPECIMEN CF 7075-T7351 












Fig. 33 S-L COMPACT TENSION SPECIMEN OF 2219-T87 
LOADEO TO 95% K|c AND EXPOSED 15 mo TO 
SEACOAST ATMOSPHERE. TRANSGRANULAR 
MECHANICAL TEARING EXTENDING BEYOND TIP 
OF THE CRACK. r.ELLER'S ETCH. 


ENVIRONMENTAL CRACK GROWTH - inches 


BOLT LOADED S-L COMPACT TENSION SPECIMENS 


A 75% K(c, o®50% K|c □■25% K|c 




Fig. 34 ENVIRONMENTAL CRACK GROWTH OF 
VARIOUS ALUMINUM ALLOYS IN 
SALT-DICHROMATE-ACETATE SOLUTION 



ENVIRONMENTAL CRACK GROWTH - Inches 


BOLT LOADED S-L COMPACT TENSION SPECIMENS 
A 75% Kjc, o«50% K|c, □■25% K|c 

0.6 
0.4 
0.2 

0.0 


INVALID K i ' 


2014-T651 








EXPOSURE TIME - hours 

Fig. 35 ENVIRONMENTAL CRACK GROWTH OF 
VARIOUS ALUMINUM ALLOYS IN SALT- 
OICHROMATE-ACETATE SOLUTION 




ENVIRONMENTAL CRACK GROWTH - inches 


BOLT LOADED S-LCDMPACT TENSIDN SPECIMENS 
A75% K|c,*o50% K|c^q25% K|c 



EXPOSURE TIME - hours 

Fig. 36 ENVIRONMENTAL CRACK GROWTH OF 
VARIOUS ALUMINUM ALLOYS IN SALT- 
DICHROMATE ACETATE SOLUTION 



ENVIRONMENTAL CRACK GROWTH • inches 


BOLT LOADED S-L COMPACT TENSION SPECIMENS 
A75% K|c, o«50% K|c,D«25% K|c 


5456 - SENSITIZED 



EXPOSURE TIME - hours 


Fig. 37 ENVIRONMENTAL CRACK GROWTH OF 
VARIOUS ALUMINUM ALLOYS IN SALT- 
DICHROMATE-ACETATE SOLUTION 



ENVIRONMENTAL CRACK GROWTH - inches 


BOLT LOADED SHORT TRANSVERSE iS-LI COMPACT TENSION SPECIMENS 
CORRODENT: 0.6MNaCI+0.02MNa,Cr,0,+0.07MNaC,H,0,+HC,H,0,TO pH4 
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EXPOSURE TIME - hours 

Fig. 38 ENVIRONMENTAL CRACK GROWTH OF VARIOUS ALUMINUM 
ALLOYS IN SALT-DICHROMATE-ACETATE SOLUTION 
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STRESS INTENSITY - ksl\nir 


Fig. 39 K-RATE CURVES FOR S-L COMPACTS 






CRACK GROWTH RATE - in./hr 



0 4 8 12 16 20 

STRESS INTENSITY - ksiVIiT 


Fig. 40 K-RATE CURVES FOR S-L COMPACTS 



CRACK GROWTH RATE - in./hr 



CRACK GROWTH RATE - in./hr 


5456 SENSITIZED 



Fig. 42 K-RATE CURVES FOR S-L COMPACTS 



CRACK GROWTH RATE - 


2021-T81 


7075-T7351 


606I-T651? T5456-H117 


CORRODENT - 0.6M NaCI + 0.02M NaiCrsO? + 0.07fl/i 
NaCjHjOz HC 3 H 3 O 2 TO pH 4 |2000 hr] 

'MECHANICAL FRACTURE - NOT SCC 


STRESS INTENSiTY - ksi {E 

Fig. 43 K-RATE CURVES FOR S-L COMPACTS OF 

ALUMINUM ALLOYS (FATIGUE PRECRACKED] 



FATIGUE 

PRECRACK 


S-D-A 
47 DAYS 


SEACOAST INDUSTRIAL 
ATMOSPHERE ATMOSPHERE 
120 DAYS 540 DAYS 


2024-T851 


Fig. 44 


FRACTURE SURFACES OF S-L COMPACT TENSION 
SPECIMENS BOLT LOAOEDTO 95%K|c SHOWING 
CRACK GROWTH IN VARIOUS ENVIRONMcNTS 


FATIGUE 

PRECRACK 


S-D<A 
92 DAYS 


SEACOAST 
ATMOSPHERE 
250 DAYS 


INDUSTRIAL 
ATMOSPHERE 
365 DAYS 


2024-T351 







7075-T651 



FATIGUE 

PRECRACK 



S-D-A 
47 DAYS 



SEACOAST 
ATMOSPHERE 
90 DAYS 



INDUSTRIAL 
ATMOSPHERE 
180 DAYS 



FATIGUE S-D-A 

PRECRACK 92 DAYS 





7075-T7351 


SEACOAST INDUSTRIAL 
ATMOSPHERE ATMOSPHERE 
250 DAYS 365 DAYS 


Fig. 45 FRACTURE SURFACES OF S-L COMPACT TENSION 
SPECIMENS BOLT LOADED TO 95% KIc SHOWING 
CRACK GROWTH IN VARIOUS ENVIRONMENTS 









500x 




500x 


FIG. 46 S-L COMPACT TENSION SPECIMEN OF 2024-T851 BOLT LOADED 

TO POP-IN AND EXPOSED 1656 hr. TD SALT - DICHROMATE - ACETATE 
SOLUTION. SHOWS CRACKING OF ALLOY CONSTITUENTS AHEAD DF 
THE CRACK TIP. 




Fig. 47 LONGITUHNAL |L-T| DCB SPECIMENS WITH SCC 
IN LOCATIONS THAT INVALIDATE THE TEST: 
a - 7079-T351 SEACOST ATMOSPHERE 
b - 2219-T37 SALT- DICHROMATE-ACETATE 
SOLUTION 
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Fig. 49 ENVIRONMENTAL CRACK GROWTH OF VARIOUS ALUMINUM ALLOYS IN AN INDUSTRIAL ATMOSPHERE 
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Fig. 50 ENVIRONMENTAL CRACK GROWTH OF VARIOUS ALUMINUM ALLOYS 
IN SALT-DICHROMATE-ACETATE SOLUTION 




Fig. 51 ENVIRONMENTAL CRACK GROWTH OF VARIOUS ALUMINUM ALLOYS IN 3.5% NaCI 
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Fig. 52 VARIATiON IN CRACK GROWTH ON OPPOSITE SIDES OF BOEING DCB SPECIMENS BOLT LOADED TO POP-IN 



CRACK GROWTH RATE - in./hr 



Fig. 53 K-RATE CURVES FOR S-L DCB SPECIMENS OF 
ALUMINUM ALLOYS BOLT LOADED TO POP-IN 




0 4 8 12 16 20 24 28 32 

STRESS INTENSITY - ksiyliT 


Fig. 54 K-RATE CURVES FOR S-L DCB SPECIMENS OF 
ALUMINUM ALLOYS BOLT LOADED TO POP-IN 



BOTTOM OF NOTCH 





6061-T651 




7075-T7351 



TENSION 3.5% NaCI 

PRECRACK DROPWISE 



SALT 

DICHROMATE 

ACETATE 



2219-T87 


Fig.55 FRACTURE SURFACES OF BOEING DCB SPECIMENS OF 
RESISTANT ALLOYS SHOWING CRACK GROWTH IN 
ACCELERATED TESTS. 


t 








AS POLISHED 





_ T'V- - - 

k AS POLISHED • * 250^ 



Fig.56 S-L DCB SPECIMEN OF 7075-T7351 BOLT LOAOED TO POP-IN 
AND EXPOSED 22Q0 HR. TO 3.5% NaCI ADDEO DROPWISE. 
INTERGRANULAR SCC EXTENDING BEYOND TIP OF TENSION 
PRECRACK. 





Fig.57 S-L DCS SPECIMENS BOLT LOADED TO POP-IN AND EXPOSED 2200 hi. TO 

3.5% NaCI ADDED DROPWISE. SHOWS EXTENSION OF MECHANICAL FRACTURE 
THROUGH ALLOY CONSTITUENTS THAT CRACKED AHEAD OF THE CRACK TIP. 



• 58 Ring Loaded Compact Tension Specimen of 5i{56-H117 
Exposed in a Salt Lichroraate Solution 


Arrest 



SXS'I ‘gvon 


59 Ring Loaded Compact Tension Specimen of 2219-T37 
Exposed In a Salt Dlchromate Solution 



PRECkACK 



Fig. 60 MICROGRAPHS SHOWING BRANCHING OF SCC IN RING LOADED COMPACT 
TENSION SPECIMEN OF 2219-T37 EXPOSED TO 
SALT-DICHROMATE-ACETATE SOLUTION. 







NOTE: SHORT TRANSVERSE (S-L) SPECIMENS, FATIGUE PRECRACKED 
CORRODENT: 0.6 MNaCI + 0.02 M Na^r 20 ..+ 0.07 M NaCjHjO,^ KC 2 K 3 O 2 TO pH A. 
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TIME, hr. 

Fig. 63 INITIAL |APPLIED| STRESS INTENSITY vs TIME TO FAILURE FOR RING 
LOADED COMPACT TENSION SPECIMENS. 





STRESS INTENSITY- ksi VmT 

Fig.64 K-RATE CURVES COMPARING RING AND 
BOLT LOADING. FATIGUE PRECRACKED 
S-L COMPACTS OF 7075-T651 
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ig. 66 RANKING OF ALUMINUM ALLOYS IN SALT-DICHROMATE-ACI 
SOLUTION S-L COMPACTS - RING vs BOLT LOADING. 




TENSION 


?\g. 67 SEM FRACTOGRAPHS OF S-L COMPACT TENSION SPECIMEN OF 
7079-T651 BOLT LOADED TO 75% K|c. 

EXPOSED 4 mo INDUSTRIAL ATMOSPHERE 





TENSION 


fig. 68 SEM FRACTOGRAPHS OF S-L COMPACT TENSION SPECIMEN OF 
7075-T7351 RING LOADED TO 95% K,.. EXPOSED 2780 hr TO 
SALT-DICHROMATEACETATE 




TENSION PRECRACK 

see 


TENSION 


TRANSITION ZONE 


TENSION 


Fig. 69 SEM FRACTOGRAPHS OF S-L DCB OF 2024-T851 BOLT LOADED 
V) POP-IN. EXPOSED 2352HR. TO SAIT-DICHROMATE-ACETATE 




ENVIRONMENTAL CRACK GROWTH 
(TENSION) 


r\g. 70 SEM FRACTOGRAPHS OF S-L COMPACT TENSION SPECIMEN 
OF 2219-T87 BOLT LOADED 95% K|c. EXPOSED 12 mo 
INDUSTRIAL ATMOSPHERE. 





FATIGUE 


^ TENSION 


SEM FRACTOGRAPHS OF S-L COMPACT TENSION SPECIMEN 
OF 6061-T651 BOLT LOADED TO 75% K|c- EXPOSED 2184 hr. 
TO SALT-DICHROMATE-ACETATE. 







STRESS CORROSION CRACK 


FIG 7? TEM FRACTOGRArHS OF TENSION i^Rc(-RACK AND STRESS-CORROSION CRACK 
IN 7075 -T651 ALLOY PLATE 




FATIGUE TENSION SCC 

Fig. 73 TEM FRACTOGRAPHS OF S-L COMPACT TENSION SPECIMENS OF 7075-T735I. 
SCC OCCURRED IN 2780 hr EXPOSURE TO SALT-DICHOMATE-ACETATE. 







TRANSITION 


Fig. 74 SEM FRACTOGRAPHS OF TENSION AND SCO FRACTURE 
SURFACES IN |s| SPECIMEN OF 431 HT200 ALLOY 
EXPOSED 141 DAYS TO SEACOAST ATMOSPHERE. 



see 


Fig.7S SEM FRACTOGRAPHS OF TENSION AND SCO FRACTURE 
SURFACES IN |s| SPECIMEN OF AM 355 SCT 850 ALLOY 
EXPOSED 3 DAYS IN 3.5% NaCI SOLUTION. 


200 DAYS 


1T3 
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Fig. 76 EXPLORATORY SCO TEST OF BOLT LOADED PRECRACKED 
CDMPACT TENSION SPECIMENS OF 15-5PH ALLOY STEEL 





OXALIC ETCH OXALIC ETCH 


Fig, 77 PHOTOMICROGRAPHS OF CROSS SECTION ILLUSTRATING 
CRACK GROWTH AT MIDPLANE OF T-L SPECIMEN OF 
17-7 PH RH1050 ALLOY EXPOSED 41 DAYS TO 
SEACOAST ATMOSPHERE 




OXALIC ETCH OXALIC ETCH 


Fig. 78 PHOTOMICROGRAPHS OF CROSS SECTION ILLUSTRATING 

CRACK GROWTH AT MIDPLANE OF PHI 3-8 Mo HI 050 ALLOY 
EXPOSED 141 DAYS TO SEACOAST ATMOSPHERE 









(PRIOR AUSTENITE GRAIN BOUNDARIES 
PARTIALLY SHOWN) 


AS POLISHED 


OXALIC ETCH OXALIC ETCH 

Fig. 79 PHOTOMICROGRAPHS OF CROSS SECTION ILLUSTRATING 

CRACK GROWTH AT MIDPLANE OF T-L SPECIMEN OF 431 HT200 
ALLOY EXPOSED 141 DAYS TO SEACOAST AIMOSPHERE 















OXALIC ETCH 


OXALIC ETCH 


Fig. 80 PHOTOMICROGRAPHS OF CROSS SECTION ILLUSTRATING 
CRACK GROWTH AT MID PLANE OF L-T SPECIMEN 
OF AM355 SCT 850 ALLOY BAR EXPOSED 73 DAYS 


TO SEACOAST ATMOSPHERE 



TYPICAL 


ABNORMAL 



PH15-7MO RH950 AM35S SCT8S0 |BAR| 


Fig. 81 FRACTURE FACES OF LONG-TRANSVERSE |T-lj 
COMPACTS EXPOSED UNSTRESSED 205 DAYS 
BY TOTAL IMMERSION IN 20% NaCI SOLUTION 






400 8U0 1200 1600 2000 2400 -^^ 4700 5000 

EXPOSURE TIME - hours 

Fig. 82 ENVIRONMENTAL CRACK GROWTH OF VARIOUS STAINLESS STEELS IN 20% NaCI SOLUTION 





-In, COMPACT 



Fig.83 ENVIRONMENTAL CRACK GROWTH OF VARIOUS STAINLESS STEELS IN 20% NaCI SOLUTION 







Fig. 84 ENVIRONMENTAL CRACK GROWTH OF VARIOUS STAINLESS STEELS IN 20% NaCI SOLUTION 





Fig. 85 ENVIRONMENTAL CRACK GROWTH OF VARIOUS STAINLESS STEELS IN 20% NaCI SOLUTION 




400 800 1200 1600 2000 2400 4700 5000 

EXPOSURE TIME - hours 

Fig. 88 ENViRONfiltENTAL CRACK GROWTH OF VARIOUS STAINLESS STEELS IN 20% NaCI SOLUTION 





AM355 SCTOSO BAR 
• LOADED TO 95% K|, 
a LOADED TO 75% K,^ 
O LOADED TO 50% Ki, 



Fig. 87 ENVIRONMENTAL CRACK GROWTH OF VARIOUS STAINLESS STEELS IN 20% NaCI SOLUTION 




DAYS 



Fig. 88 ENVIRONMENTAL CRACK GROWTH OF VARIOUS STAINLESS STEELS IN 20% NaCI SOLUTION 
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Fig. 89 K-RATE CURVES FOR T-L COMPACTS 



CRACK GROWTH RATE - in./hr 



20 30 40 50 60 70 80 



10 20 30 40 50 60 70 80 

STRESS INTENSITY - ksi VliT 

Fig. 90 K-RATE CURVES FOR T-L COMPACTS 




CRACK 



Fig. 91 K-RATE CURVES FOR T-L COMPACTS 






CRACK GROWTH RATE - in./hr 



0 10 20 30 40 50 6 



10 20 30 40 50 60 70 


STRESS INTENSITY • ksi |/liT 

Fig. 92 K-RATE CURVES FOR T-L COMPACTS 




0 20 40 60 80 100 


STRESS INTENSITY - ksi /iT 

Fig. 93 K-RATE CURVES FOR T-L COMPACTS OF 

STAINLESS STEELS (FATIGUE PRECRACKED) 





TENSION 


TENSION 


SEACOAST ATMOS. - 41 DAYS 


SEM FRACTOGRAPHS OF TENSION AND SCO FRACTURE SURFACES 
T-L SPECIMENS OF 17-7PH RH1050 ALLOY 
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TENSION 


TENSION 


SEACOAST ATMOS. - 141 DAYS 


SEM FRACTOGRAPHS OF TENSION AND SCO FRACTURE SURFACES 
IN S L SPECIMENS OF PHI 3-8 Mo HI 050 ALLOY 






TENSION 


SE«CO«ST ATMOS. • 141 OATS 


SEM FRACTOGRAPHS OF TENSION AND SCO FRACTURE SURFACES 
IN T-L SPECIMENS OF 431 HT200 ALLOY 







Syr 


'.3 





SAWED 

'SURFACE 






20% NsCI 


Fig. 97 SEM FRACTOGRAPHS OF TRANSITION BETWEEN 
FATIGUE PRECRACK AND TENSION FRACTURE 
SURFACES IN T-L SPECIMENS OF 15-5PH H1150M 
ALLOY 
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RESISTANCE TO SCC IN SALT WATER OF PRECIPITATION 
HARDENING STAINLESS STEEL ALLOYS 
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Fig. 99 SHOWS FINE TIP OF STRESS CORROSION 
CRACK IN T-L COMPACT TENSION 
SPECIMEN OF ALPHA-BETA FORGED 
TI-6AI-4V ALLOY WHICH SHOWED 
SIGNIFICANT CRACK GROWTH IN THE 
SEACOAST ATMOSPHERE WHEN 
LOADED AT 75% KIC 




Fig. 100 SHOWS THE TIP OF THE PRECRACK 
IN T-L COMPACT TENSION SPECIMEN 

OF BETA FORGEO TI-6AI-4V ALLOY 
WHICH SHOWED NO APPRECIABLE CRACK 

GROWTH AFTER 483 DAYS EXPOSURE IN 
THE SEACOAST ATMOSPHERE WHEN 
LOAOED AT 75% K|c 
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Fig. 102 ENVIRONMENTAL CRACK GROWTH IN TI-6AI-4V ALLOY 
FORGINGS IN 3.5% NaCI SOLUTION 
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Fig. 104 TEM FRACTOFGRAPHS OF T-L COMPACT TENSION SPECIMEN 
OF ALPHA-BETA FORGED Ti-6AI-4V ALLOY BOLT LOADED TO 
95% K|c. EXPOSED 209 DAYS TO 3.5% NaCI SOLUTION 
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Fig. 105 COMPARISON OF SCC RANKINGS OF ALLOYS TESTEO WITH PRECRACKEO 
AND SMOOTH SPECIMENS • EXPOSEO TO SEACOAST ATMOSPHERE 
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Fig. 106 COMPARISON OF SCC RANKINGS OF ALLOYS TESTED WITH PRECRACKEO 
AND SMOOTH SPECIMENS - ACCELERATED CORROSION TESTS 
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Fig. 107 COMPARISON OF SCC RANKINGS OF ALUMINUM ALLOYS TESTED WITH PRECRACKED 
AND SMOOTH SPECIMENS - SHORT TRANSVERSE |S L| TESTS IN 3.5% NaCI 
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Fig. Ill COMPOSITE <r-K| SCC THRESHOLD CHARACTERIZATION 
OF ALUMINUM ALLOY PLATE - SHORT TRANSVERSE 
iS-Lj STRESS |SDA SOLUTION) 
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'NOTE: IF STOCK THICKNESS IS INSUFFICIENT FOR 2.4” BEAM 
HEIGHT, THIS DIMENSION MAY BE REDUCED 

Fig. m CONFIGURATION OF DCB SPECIMEN RECOMMENDED FOR SCC 
TESTING ALUMINUM ALLOYS |$-L ORIENTATION) 




Appendix A 

CrLOSSARY OF TERMS USED IN THIS REPORT 


see 

Eea 

a 

t 

da/dt 




"^'inc 

Kl 

Kic 

Kli 

Klf 

Ki^ 

Kith 


Kl 


sec 


Stress -corrosion cracking 
Environmental crack growth 
Crack length , In . 

Initial crack length at the beginning of SCC test. In. 
Pinal crack length at termination of SCC test, in. 

Time, hr. 

Rate of environmental crack growth (velocity), in. /hr. 
Total time to falPL-ure, hr. 

Incubation time, hr. 

Crack-tip stre ss-intensity factor for the opening 
mode, ksi VTn. (See ASTM Method E399). 

Candidate value for Kj„ (may be invalid according to 
ASTM .Method E599)# ksi -y/ in. 

Critical plane-strain stress intensity f acto r (fracture 
toughness per ASTM Method E(599~70)j ksi-y/IrT. 

Nominal Kj applied to specimen at beginning of SCC 
test, ksi-vylnT 

Kq value at fracture of SCC specimen while exposed to 
a^corrodent in increasing Kj test, ksi-y/ In. 

Kq value at fracture in air of SC C specimen after 
exposure to a corrodent, ksi-\/In, 

Residual Kj value at termination of SCC test, ksl-y/lrf. 

Apparent threshold value of Kx for envir onm ental crack 
growth in a specified environment, ksi-\^!n7’ 

Threshold value of Kj# and is the minimum Kj at w hich 
SCC Initiates In a specified environment, ksi 


¥ 


Specimen width, in. 



Appendix A 
{ Continued ) 

B - Specimen thickness, in. 

H(h) - One half the specimen height, in. 

Qq - Height of specimen before deflection, measured at 

center-line of the bolt, in. 

d^ "* Height of specimen after deflection, at similar 

location to do> in. 

^2 ~ Height of specimen at the end of SCC test, after 

unloading, at similar location to dQ, in. 

V - Crack: opening displacement (COD), in. 

P - Load, kips 

'3' - Nominal applied stress or gross-section stress, ksi 

Cr ,, “ Threshold value of for SCC initiating from a smooth 

surface in a specified environment, ksi 

E - Modulus of elasticity, ksi 

Pop- In - First evidence of mechanical crack growth vhile tensile 

pre cracking 


'■4 
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(lol Removed from test due to severe exfoliation. 
(11) Small see at tip of pi«orack as in Figure 30. 


s 


11(11 

11(11 


I I ! 


ill! 

( I ( ( 
( I J I 
I ( 1 i 


I 


i I 


in • I ( I ( 
I I ( ( 
(111 


o 1 I ] I I I 

O O 


( t I I I I ( I 

I I I 1 I I I I 


Jill 
I I I I I I I 


O C C VL I I 
r-*Cd/^ I J 


I r 
I I 
I I 
I 1 


I I 1 
• I } I 

avr.1^ I : f 


rill 
I I I I 
till 
I I t i 


ovo^’Ci 

rC f—* r-*" 


CL I 


\L 0^^ I I I I I I I I r I 

• < I I I I I I I I I r 

rHC C'U/ I 1 I I I I t I 1 I 

0. rH H— 11111(1(11 


t^r-iC 


I I I I 
111' 


VC tnirvvc i i i r 

rH I 1 I I 


:| 

ill 


VC ( 

rHVC 1 I 

O'* 1 ccacoo:crcccca:a:cc • • * r coa coa: 


vctt" 
C'0*»H I 
CnO O 1 


I CCCCCDCCCOCOCOCCCOCC 


a-.vc^ 

fHCiCT\ I 

c C.O» 1 ' 

* • * 1 OQCOCCCC 
iHCO I ' — — ' ^ 


c c Qo Qino c ino inin QQO 0 ( 01 ^? 
I /H^ aivc o>minc^Q QCGcc i a oc rHocixco 

1 c oorSf^.c c cr-cc.C'a- i c7'C7vc>cio^cf'0 

♦..» 

I rH r~l rH »H t — 1 r~i /H OrHiHOO I OOfHrHOOO 


ino o o mp oinirvQ 
I NVO ir\=? Cf VC r-^VD Cu Cht^CO 
I O oo O OQ CTsOnOnOn 


inoin 

JO>OC7n 


j o>a'0>cvc , _ _ 

1 0>C\C\0 0'.0 0' 

iHrHrHiHiHrHrHfHjHOOOO ( O O O H C- H O 


cjcocokncooococdcococococc vr f**icvrco ^*^vovo 

iH iH fH l^rH cH iH rH iH J— r rH rH I— * W H fHrH t*^rH rH ‘ 


cvicococD r^vocococococccococo 

rH H rH rH |<^jH rH H rH i-l H r-l H rH 


CO w OJCO I^VXJVOVO 
CVJr-lfHrHJOHiHfH 


rH^SRrniH 

ooooo 


h-VO inHJ^C\Jr-l H 

oooooooo 


ooooooooooooo oooooooo oooooooooooooo oooooooo 


coooor. „ 

CVJrHHrH CO CDCOOOCOa'^ 

O I-l /H fH rH OJ o tno o o c c ; 


CO OjOjcOJ<*^VOVO 

O O O o c O O Cj 


CO CO 00 CO 
OJ /-t r-l rH H 


COCOQOOOCO CDCVJCVICOKWOVDVO 

dSddd Mdddii?dEd 

3 rH H /-I <H f-l fHVO HOOOOO OOOOOOOO 


r-;l 1 I I CUOJt«-CyHrHHiHfH 
*£■ CVJ CU CVJ CVJ I I I 1 k W « 


CJNCaO'CTxO O O OO OO O O G^C’.C^O^C^OOO a'-0>cr>C^G\OCOOOOOOO 0^a^0^G^0^O CO 
........ VOipyDVD^t ‘ ‘ - — — - — - ‘ 


CT'O^O^O^lH 


ssssssss 


0'C^C?^CJ^O^H 


•I rH 


iH rH fH rn fH T- 1 rH rH C^O^O^O^O^^“I r-l r— * 


_ _ _ O^O^O^O^CJ^rH i _ 

u^inin^%cvr^oj^c^cv^ u%ininini/>cM‘oJcu tniniAininwoJc&cy cucv^ inirsirviAtncCjc 5 oj 


d!a 


oinif>inintr\o o tny^tA 
0 >a> 0 >f-.h irunocTicrvb-o 


u:iy:un!n!nm 
O 0>0>0>C‘a .CTvO 




*H 43 
OJ ^ _J 
•H O K5 d 

■U 03 CH 


o o o omo mti^o otnmp 
o o w c> t^co 3S 

oo o oa»o\o>c\o o\^o^o\ 

j r-lHf-IHOrHOOtHiHOO i OQi-lHOOO i rHrHHr-IOOOOrHOOOC 


o o o mo tno Q ino mm 
I oiHohuSkvovoSoococo 
( 00 0 00 \OC 7 \C 7»0 0 0 >ON 


p p C5 o o mm 
. o>oxoHcorocr) 
; ovo>oocx>^o> 


1 


1 

I C\C'»C\0 0\C' o\ 
I ddorHC-r'd 


iH h t hP 1-3 r- |H j-l »H B-r Eh (H 
I I ( I I : I I I I J I 

cOcOCOtOmc/^cOcOcO^HiHHli -3 


J I 1 f I L I. >. I I I 1 I 1 r I I 1 • I 1 I I I I I I I I t 

lZ)C0t0tr'JCQ»4K*rH rO CO CO IT CO CO cO CO CO 4 iH • -I rJ cO CO CO CO CO »4 rJ hH 


6 , 

■d^ 

a 

CO 


iHajvc tHXi G> o iH oj msr 

CO OVfH #H iH rH rH r-i W 
O J - -i . 


H w Or-1 


O H OJVD rH33 0>0 iH C\J 


OH<M QH 


:=r;SE-( 6 -. 6 -.gipat-l.-:!p; & a: E: B B S p S E! BgBSB 33 El 




O 

o 

-=r 

VO 

Qd 

K'. 


VO 

8 

VO 


8 

VO 


?'ri 


m 


o 

Cv 


r~i 

CO 

E- 


C\J 

O 


ru 

8 


iO 

CO 


cv 

8 


I I t I I I 
I 1 I 1 I 


I r vcco o 


t I I I I I ] I I 

OOOOCO"’'^ I I I i 1 I ) I I 


QVO J i i 
o>h-“ 


(III 
III 
I I I 


CO 

• rHO I I 

CVJ ♦ I 

OVO K^kO I I 
I 




o o r-vo I 

HHCO'-' 


I I I I I I I I I 

r I I ] I I I I I i 

I I I t I I I I I 

I I ] t I I I I I 


covD 


coco OJVD « 

OYO I 


ojcucyvo^ I I 

oj c\j CVJ*— t I 


I I r I I I I I 
III 


I I I 
III 
till 


CO iHiA lilt 
, . I I r T 
t*-irv£i\o I I j I 
Hf-IH*- till 


C\ 

^VCH 


I I I I 
• I I 1 I 


OjlOODVO I I i I 
CVJ r^ in'— I I I I 


o> 

'i^irco 


rHK^VO I 
OJOJH*— ' I 


I I I I ( I I I I 

I I I I I I I I 


I 1 I 1 > 

t ‘ ■ 


I 

( 

I I I 


1 ( I I I I 


CVJ oco 


rHC\0\V43 J 
CVJ H t-i'--' i 


t 

si 

4 


cn s] 1 


t^CVJ 

OKMn I I 
COOO I 1 
•••II CO CO CO COOO cote CO CO 

O iH rH 1 


I rC§5}Rin 




: cocococo 


OOOOIAQLO 

I VO^VOVOCDO\0O 




I COCOCOOO 

o C O I 


ooQotnoo 

ra oSerco f-{ H S' 

cJ>ChO>OvO O 


rvjcOOQ 

* • • I CO 00 CO CO CO GO CO CO COOO 

OHH I - - 


I 


I 




o o o mo o o mo inino o 

nwLn ovjD 0\^-=j- 0*vo 0^0 

CVJrH HOVOOOVO 


I HHHrHOOOOOOOOO I OOOOOOO I OOOOHr-tO I H H i-H H H H r-l H O H H O H 


I CO CD cn CD 
OO O t ^ 


,om 

‘ DO 

I o^d^o^0\O^o^o\ 

I *,..♦** 

I OOOOOOQ 


CVICOCOCO^COCDCOCCICOOJCOCOCO CO CU CVJCO KN^VOVO tncvj CVJVOVp^OVOVO 
rHi— (r»r-IOJr*IHrKHHrHHj— IH CVJ H H r-( i— I H Hi— IHr^Wr^rl«H rl 


COOJ CVJOO KWOVOVO 

IHHHHHiHHH CJi— IHH f<^HH H 


mom 

OJrvO CVJ CVJ CV1I<\H 
OHHOOOOO 


m m 

Hr'IHHOOOO 


oooooooooooooo oooooooo oooooooo oc oooooooooooo OOOOOOOO 


d 

c 

■H 

c 

o 

a 


CVJ COCOCOCOCO CO OJ OJeO mCVICVIVOVD^OVOVO 

SdddGddd GdddSddd 

OKY0VDmKV<\KNHOOC5OO OOOOOOOO OOOOOOOO 


m CO30COCOC0 CO CVJ CVJCO K\\JXDV£) 

dfrTtdT^'r'T'ddddd edddPdge 

oooooooooooooo oooooooo 


CV] 

o 

0 ) 

H 

■§ 

E-* 


u 


o*1C^G^G^o^ooooooooo o^o^o^o^o^o o o <I\<y^o\o\o^o Q o oNG\cr\cr>chooooooooo 


VOVCDVOVOVD 


0\ 0^ Ov 0^ 0\ H" rH 
W WCVJOJCVJH H 


•HH H H r?H H H H O^O^O^O^O^H H H 
■ Wi^JCVJ.CvJCVJHHH 


VOVDVOVOVD 


^ ^ ^ ^ ^ 'N.'v.w'v.'v.'N. ^ 

inininiriino?OJc5wc5’c^ irsJiininincu cu c& OT^c»®«<^Ojrij oj of cy cy c«c^c^ 


iHr-fH H H H H r-iH HH 


o\crvcrHO\ov oo o 

WCvOvAKh 


OSO\(TvCvO 

CVJ CVJ CVJ <\j CVJ oj cvi mtfuriAiTv WWW 


'3!^ 

•H J 

C 

H 








t-o 




H >C 
H 


C 

c 

Cv 

a" 

CO t; 

C 




I ooooooooooooo 


pooptnoin pQpomoo 

VD^VOVOraCT^ I CD Chcr^ H H CT\ 
I rT^0^C7^^OOC7^ 


I CDOOOOOO 


I G^O^C7^d^OO( 

OOOC 5 HHO 


I cnc 

I OOOOOOOOOHHOH 


I ovd<nc 

I » • • 

I O v.OO OO o 


tOCQ&3COcOWcOCOCOcOiJi-5Hh^ cOcOcOUCOi^IhIj-J COtOcOCOmH»-lM COCOOTCOCOWCOiOcOCOHtJi4t-^ coco coco CO ►•3 


c 

w 

e 

■H . 

CO 


HHrdHHWHHHH 9DaVHHHg>HH GOOvhHHOVHH CO C^H H H H H H H W H H H H CO CJ\ r*tH H ffH 

ooooo^isis ooooofcJHHHiHtsi^isbe csoooo&Ssai 

S P E-» E-I Eh Eh H > 4 >-:i & K ^ g;S: »4 H H &iSS&SH^ 4H 2 B ^ E-» ^ ^ >4 >4 H i4 ^B:^e5S*4Ht4 


OHCVJvo t-CO 0\0HCVif<H*a- 
CO 0^ H H H H H H CVJ 
OOOO'’** ^- ^ ^ 


0\ 


O H CVJ OH 


OHCVJ OH 


O H CVJVO tHD 0\p H C\j KNsr 


OHCVj O rH 


CO 

■3 

91 

rv 


\£> 

VD 


t- 

in 

s 


GO 

8 

* 


tsi. 


C^- 

H 

CM 

C\J 



h- 

<u 

£•* 

3 

K 

•H 

1 

T 

H 

C% 

VO 

VO n 

H 

in 

in c 

CVJ 


0 


H 

m 


VO 

o 



Table D~3 {Continued) 




s 

VC 


M ->4 * ) 


I I I I i 




t 1 1 I I 

' t I I I I 

I I I I I 

I I 1 I 




s ^ ^ 


I I I I I t t 

t I I I I I 1 ^ — 4-^— 

I I I I ( I ) CLCLCCCC’CL 


I I I I 
III! 
I I I I I I I I 

I I I J I 1 1 I 


I I I 
C I I I 


cocL a cua 


c t- \ I ml f « 


<fi 

o 

c] 

u 


c 




c c. 


y V/r 


p 

d 

to 


o o o o me mtnin c . 
I OrHOJocumr^rHaMrajCTid- 
I C^C>OvC'Q3U:>Co h-C’-C 

I 

1 H rH rH rHO r-< CO C ' 


VDMjVDVL' 

r-< ►<^t<^K^KMrV^- inmmH H rH 


£T QVO® CVJ H 

cuevj cvPSoooo 


c c o cmoc mmiL me. mm o c o emmo o mo oinc 
I CD^'ti>a;;:3f:.]AmT-»r-c.c C' I fc inb-iTp C'U"fC' O' rSo O' c 
t a>tta a t- su v* c c c o c • u. cc Ar^u-vt. oimo o coo 

I 

I I— iH i~* C' C' t • r— ^ r-J f-H r-* r— ' fH r~* O rH r~l O r-l 


o o o c. o me 

8 C.OHOnO>C". 
O'C C' o^o^c■^ 

rH C rH f-l O C O 


01 vcjvx-'VC'V::- 

H mmmt'Vy Vi' vt . h r-< r-t 


CVJ C-:Cu CUVL COOOCOVDmViJU.' Qj OJ CJai mvcvovxi 
r^Vt ‘ r^’ I— IVi.' rH rH I— I fH f-f r4 i-l rH CV rH f~< r4r~4fH 


iOitr cv!.=}-vr) c^=3 — < 


B 

C 


^ m ^m 

CV r"* fH I^V£J 

I-^I-IC^C c coo 


OOOOOOOOOOOOOP 0 0-C'OC)CCC C C>00C«0 C COOOOC’C'C'OCOC^C oooooooo 


. uu >> 




VDM3VL CJ 


d 7* 7* £? dd 

•oo COCOOCOOC'-COCi 


ooovoc^o oooooooo 
vp vpyD 


V£i\C'\0 0) 




covijv. * 


t I I • I I I 
Ow C'C C-C Or 


d d G d d g i - s 

t ) O Cj l' c- C O C Ci o o o O c ■ 




C\C>CJ\CTSCVi-li-ff-rrHriH HHr ' 

OJ cy OJ CVI OJ r 


O^OCiCT.OC • o c c c c- C O f 

CnC^O C' CNi-^ . - . 

inminmir ca oi o> oj Oj os o* cf c 


O.O^C^C^ClO ooccoooo 

0> C". 0^ C\ 1^ I— I rH I— 1 1— 1 rH j-S 

mir«rsmmCvi c^cucmcuwcmojc 


a"> CJ cjoQ mvo^p^o 

SCiddDddd 

oc^oc>oboo 


O'OvG C'^O'v OOO 

C^G^C^O^C^ r^rHr^ 
CJOJCUAJOJ 


oSS?S{Rtcses\RoSSPo 




j ob>oSoc^oSoSo\o\ooicia^ 
I r4oOr-iddoodr-iddd 


wwo3e^tOtocQ^ocoeo^4*J^4^4 


o o o o mo inmo mo mm 

1 mm o H o H cj o •-nno>D'.c> 

I CMJvOOOOC OCO0>0\Cr. 

I ddr'JHrMHfHrHrHrHddc 


J I I I I 1 I 1 I I I 1. I l_ 

C/ 3 1/2 co to co CO to »■'> rt to • •• I-. 


^o^o 

f OOO OOrHCiodiHi-^dfH 


to ta to trj co CO to CO to »-3 h . 


oooo omp 

I ooNp H o%a\aN 

I oONoo a\G\c\ 

J »-idrHr 4 odd 


I I 1 I I T I I 
to tOcO cOcO 


_^^OHCJVOh-COavr»» -CJKVs- _,Of-lCjVPt'-^;0'Or-tCymu3- _ C i-4 0jVC MXO^O Orn'.w wr- 

Kt3HS3Hc5i; HPEJPUptJs’P-lSfedi? uoGoGfiSEi 

I S *s ^ IH *-l k-4 I . IH U' P-' r-* ►•■ r- ‘ r ♦ Si; Pi5 Cr<C-'tH K” j rCBtsSy}- 


CO 

in 

5: 


O' 

m 

CJ 

m 


&• 

Pi 

\P 


O 

r*4 

CJ 

\£i 


U 
o 

• m 
^ c 

4JW 
>*G 
O O 
^ C 
0) CO ^ 

C fj 

<L> »i!Xl 
G in O, 

•H C9 tl3 ^ 

o o r-< o 

EL '-’“m 

OT fO P CJ 
ti) > C 

U. ^ hH ■U 

O ^ 

u p a» 3 

O POO 
H • E K o w 

Pi IT) p o 

® c P . . p 

k ejj o o 4J 

P-ri 

0*0 OP ^ 

c o c n p o 

O OiO s o 

P (3 0 C> 

'O OOO O' 

O 1m O P o O 

t-iOeO^^ ^ 

a 1m OJ 

Pi fi 'O'O 

CJ O O O o Pi 

O W ct] » 

E Pi CJ C3 IH 

0) OHi-i =J 

u:: JJ Pi S O LQ 

!pK fl O O O 

to O +a •-< r-l y 

c o (3 O K 

o C (3 O o 1 -t 

I-I o Pi 

Ch O o Vi 

^>0 |QfO O 

OOO 

(3 ^«c:.u-o p 

Pi 3 4J O O W 

O (rj C C S 

O C (3 

O CJ O'O'O o 

ME iHij O 

a *c d =J .o 

Pi « 5) O O • 

OOOO 

CH 


( 

OJ 
O 4 
pi . 


o>^ 
> ^ 




Mm s>»t^q;D 
c a oj-PiH d 


■s^g 


OJ-P •, . 

•i-t ^ ij »ri 

eJ n OH 


_ c c c 

.iJ C) 0> OiH . , 
'O A3 4J E C 


•rt i 


(J 4-' ^ 

d d -p c c d p 
O Pi C0*rH*H H , 

rH o c Ok: 

0) t'J 01 

*a O iH DJ 01 OrH 
M OJ O^ CJ 
. d ^ pi Pi a 
H Pi O O-'O 
P. O (3 crJ 01 <3 ^ 
(X> Pi Pi m 

CS EJ Cf-lrH MO 
oJ d O H 

E E E 3 SH 

O O O'D'OrHIn 

p ^ oJ o 

Cl Ci LI P -P 

o o o c 

Tt *0 Pi P< o 


■S 


HI ui P ^ 

O O Pt4J 
P P oJf-lr-i p d 
W 1—5 rH P P 1^ rH 

a a a (3 a 

O O o o 

f-IW*-liHH OH 

cs d d lO o m d 

o CJ o a; n: D cy 


m Pi 

o a 
xj M 
d ^ 
O *JC 
H O 

H 

Pi O) 
Pi o d 
oCf 
P li*: 
Edo 
and 
C Pi Pi 
o o 
o 

Pi 

d Pi p. 

o o 

4J 

ov O 
cg% 
hk\p. 
MH 

H Pi"*^ 

S D.S 

d 

TJ C 
CHCi 

■H >tH 
O H 

torsco 


H CJ K\sj trvo i-co cr^o 


&8 
H £ 
H C 


fR 

CT» 

m 

o 

t- 






f 


c 

t- 


m 

£ 



Table D-2 (Continuel) 






c- 

cr - 






cr K*,=j-^ Cijc-^ 


c r » j I 

• • .'^ r I j f 

IT'kCCVi » I I I 

c <r a j p I I 


I t ( I I I t QCV.C 1(11 

t I t I I I t • . t I I I 

1 r I I I I t ca u. u. t I t i 

I 1 1 r I « t 0; HM— I t p I 


I t I 1 


Rt . . S . . 

<. t imp r 
••PI • I j oocivO'c_ct'Ct.a. 
I I i— • I 1 


c c c-c tnc PX'IP 

I aj«j:a.a .=ri. iruoi-i r- c,c c 

I a a a a ^ v; c c C c c 


oc c C’lrMr^oolnQOl^^c 

I a int-irv=j c>ir^a-KSoc o 

j u cc or^u. M- ^inc o c c c 

I r^r<r-*H«— Ir-^r-PrHC’i— lrHC'»”P 


t'-a. C 

O rH 1 

O O C P 

• • • I XCCCf'CL 

0*-PH i 


C O O C 

g o-.c r^C^O^C> 

c:^c C' C'C'C' 


p 

c 


ri 1 

-! «:( 

c c 

Ki 


C O 

•W It 
0 43 

S.S 

cO— ^ 


CM ^ ^ V£)V£jV£)VC' 

H lfMTm>r4 H r-l iH 


cvicucyfiSocpoo c 
odododdddo doo j;' 


CVJ U3‘*£lVC» 

dWT''r''r7^-r^!5Td!;|r; 

*c- o C'O cooooo^■c;af3 


^ ^ ^ ^ -. . . C'ca co^'QOCoookijVDV^KC' 

iH r ^ fH fHVC* n' rHVi,' f-H rH iH rH <-H f— I rH pH rH CV iH r“( p4 »<\rH r“lp^ 


«> i 

^ c^c^o^o^c^oc>ooooooc 

a a 0NC*\O\O%O>f-HrHrHHHrHHrMr 

tntniriif^iACVj wcvr cvj 


IfMTi iTt 



\K\K\r-»r4c C C- 

o o c o o d d c < : c< c> o c> c> 


IVI MJ 

rt t n rJ 

S O C t:' C. o r t' t «' > r> o 


CT\0' C^C■lC^C < o c c c c c cc 

V£;UjVL>Vt.'VC;t 


C^C?^0' C^O^r^ I— ( p-P ^>r^pp'r4nPn^ 
CV OJ O' 0 - OJ M r-l r^^i nil— I 

iAif>ininir'Oi oj oioj oi op Of oi c • 


m m 

0« H rH »-l PAV£3 
i-< r-P O C t; O O C. 

c- c d d dc ■ d d d o o o Ci c . o o o o o o o c 


OJ *• . AiJ 

r! r'r'T^'P?^ L' D i.-i s 

c' C’ c- o c c‘ o O r! V* <;• 


C.p\Cr>C\0>OOC'00 OC C' O 

u»u:vtjyjv£i r ^ ^ ^ ^ 


c^r•^o^c^o^l . 

CJ OJ r j OJ C 4 pH 


>rH r^PpHfHHr-PrHpHpH 


a) OJ Ojon ^AlC^C^\£) 

StiC-dGf'rirt 

O O CC/C* ^oS 


o>asc.c^o\ ooo 
yo 

O^O^C^O^O'' f^pHpH 
OJpjCVJCVpl rHi-IH 


lAir^AiAinoj c\iGicu<^ ini^in^iL^ 


1i^^^t^^^^vln^r^o o iaiaia inininininir'C: c- rnu^iA 

o c^o^^‘ o o c7>c^o><^o-^-tnino c\o'.t^ o 


ininin^iTiiAO o inpnin 

C> Cfv<7iC\0’ilv-f-UMnO o^o^ N c 




I . 

I HOOr-POOOOOrHOOO 


. _ ^ Or^ OrH C’ Or-iinCTvCr.C^ 
1 C\CT\00 OOC OCOOaGiON 

I .... * . 

I OOrlHr-Pr-irHjMHf-POOC 


? ino o>nci 

l>uj I— 'uj vJ>C3\h*\0 CJ^O 

o\o\o^ c%a\o 0 'Cm3^\ o o o\o 
OOO dopHoddr^pHOrH 


1 oo^oo «?>a\ON 
\ pHC Hr*^ OOO 


^^OrHCUVOt^OCAj iCU;A=t O H OJVO O-OT 0^0 pH OJ PAst C pH OiVCr t-CC CT^C pH C\i K\ar O rH CO OrH 

. (XPO^HHHrHrtr-iH^^riddt:] CT 0>H rH rH H rH CO H H ri CO H H ^ r^M W H H CO CT»M Jh ^ 0>RH 


CO 

in 


OI 

VA 

\£- 

PA 


8' 

Qi 

VT 

'rfs 


OJ 

V£ 


« 


. tc 

•^s 

Uji 
O 9 
^ c 
bOa 

M 

♦iJR 

*3 

0(^0 
pH O 

Oi 


►o D t> 

o 5 c %-t 


CX3 
O OJ 

kJ 


Q O 01 U 

O) (I) Fh 

^ a <D s 

O 0) o o 

•H • E K o 
U V) lU o 
<D C fi> 

^ p X ^ 


« 

ojn 

a 4j 
f-i . 
o ^ 


I E -u o o 4.9 i 
I iH - •> 

0*D Cl O J 


c c) c 0 ) n 

o 0< a ? s 

m CJ ci 
•o o o G 
O fil o 

o alRP 

i} Pt 'O'O 
a o 3 o 0 ) 

«2y< oj-y-e 
E ^ a 4 
O OlHrH 
J3 49 3 3 

4P K 3 O O 
P£) 0 49 pH rH 

3 o d a 

Q C (d 3 CP 

^ o u 

Ch o d 

^T3 R.O 
O O Q) 

? E-^-y -s 

3 49 O O 
O ffl C C 

d a 

o a 0*3 'o 
CA E rH rH 
9 »C 3 3 

OJ 0) o o - M, 
c) x: ^ o o « CJ o 
► 49 3 CrH*H u 

•’H'3£'£“a-§'He5 

^ CT d CJ 1 

■3CJX49-t3s=:fc,^ .a. 

«e)49c3a)3Ea)3 
O M.rl *H *< . 3 H d 

pHOC 0)kCf4^ 
C) OJ 03 O U 

*3 OP pH OJ OJ OpH -49 O 
CP CO QP dW d 49«H 
W 3 03 p. 

H 


S5 

ej 

x: 99 

crp cS 

35 

U)d 

OrH 
•H O 

SJ 

V. p 

o o 

<D O 
ciJZ 
3 49 
d 

O C3 
(1) d 

•“■s 


3 


‘ C 3 C P O cJ 

^ .3 d C3^ 5 . 

'aox:99-‘9EC,D jf.- 


CO QP dW d 49«H I 
d^ Pi P4.C 3 03 (4 I 
(—1 b O 49 >-* 1 U'O d o 
CI.dd0l03 bJ*H49 «h 

Di> Pi Pi n ^y’- o 

d OOpHH Md CO*. 

«j d o C P. 

E E E 3 3rH Wi ' 


,4,4,4^. i^^.r- r- Y.4,p,4Yiif..4Yi^f^^^ .4,^1^ Jpi 

COcOcO cOC0c0tf)c0O5CD>4H3»4Hl C/5C0t/>cac/Jt/I(/l r'> cO C*) pj W CO C/5 1/3 cO h4 «- . *-l t/3 t/5c/3COcO <-Tvti4 " 


d p'O/Oi^^pH 


poo 

Biit 


ti n 49 


Ph 

^ O.’ 


o d d C 49 3. d 
Pi ^ PL O 03 


J 'C *3 i-. ■ ■ ' 

(ii O ..H 'O C 

494949 CJ dPi49 CHO 
e\ d d pH r-H p d d H CO 
WrHpHp.O^/H £ d 
333Cj^ 

0C0H*H'CD0 pH 
pH i~* ^1 »•! R d pH d 49 d 
ddd.Ddojd^Op 

o o o 0 : c: s c> CO r ' to 


rH CVJ CTV.O CT\0 


pH 

-J S 

&? 1 : 

pH £ K\ 
pH C O 
<E- r- 


in 


t 

r- 


(£' 

E 


m 

r 

I 

m 

& 

C*w 


lifer 








a VC t'- > cc rOrH j 

r -q* c\j ifHC" I r<>C' I 
-•fiSK^Cycv t &CCt^ 1 


^ ^HOC C - 
^ iTv • • ■ I 
'^-\cvc.=r lA r 


I lAlAsr I 


O O'lVO * 
CVJ HrH I 


CViQ Lfvsr VO^OO 
Q\fA iS-0>l (IJOO t- 1 
VOITV— 0x0“'! O'XTiCV > 

. . . I ... I 

HfH'-'COl OOOl 


^ CC 

Oa — 

{.^ . » .K\ . . . 

* cvi a■^<■^o o; cvj h- 
lAi-^ CT 


cc 

avo KN 


•VC fAO QCOCD 
HHHHCCCVJCVia 


OCW-SlVCODl 
CJShC'A.OU" ■ 
.-'O OO'O'C 

V£J ...... . 

^rA rH C Q O O O 


o mo LAO o too o irv oommo 

CVirAOOOJCOf^f^HCD ^w^ CTvOViJ UTVii 

vcmmooo^ooocTs moocJ■o^G^c^c^ 


CVJ 

c a VC t^ 

m.3 ON^-m 
5rrw.c.C\.H 


f-iH (7^ I 


a>fHvc I 
I'-a'Vc f 


I 

mm 1 


» VC OCC i 


ma- O' I 

OjO! rH I 


ir/X) mco ocG o 

ovo wo 1 mo^o 1 
tr#c>H-^CJ\o I oc\o i 

. .VO ► • I • . • I 

rH rH^O Hi j-t O H I 


o o mo mmo 


CVJ 

cJ 


. oOO<o.=MfV3r 



:.5T t'-Qj moomfc- 
lO'C-movo.' r-cv 


f-t-CJ OVOVOh- 
• • • m . . • ♦ 
*VClO^ ^ 
H H HVO rH CVJ rH CVJ 


^vovp mcocvjcvj 
fALACVJ OJjU* CTio 
:;'HOOO^OOO> 

.'rH H H O H H O 


CVj CC- 
t-H 3 •C^fH I 

JE^ jsr t— .H (Tvn* I 
*— *w fH CVj O' I 


Qj 

m I 


» m 
mmw 


cvi c: 

I'-mr-l 

ifvr m 
t^mO' 


a' 

QC 


f OjiHC 


mcQ 

rJsRj" 


' & 




yoz I '^'<0 I 
. .VC * • • J VO • 
HrH'w-OOO ^ *-^0 0 


OQOO mommoomo mmoo 
wmoO' oovoHmoSooCTv co.h^’ 


Om^CvCT'O 

irfC mO^C^O O O O CT. JS*f-|HOC 7 »OOOV 


rHr-trHiHHOHHHO rHrHHOOOOO HrHrHOOrlfHHHO r-JrHHrHQHHO rHrHrHOOOOOOO 


O CVJ CV CVJ CVJ CVI CO CO CO CO 

^mmmmmqjcvicucj 

CO H iH H rH H mK\fT\ m VD iH rH H H fH rH rH 
iHiHrHHHCVJCViCVJCVt rHCUCVfCVJCVJCVjCVJCVJ 


VO JO" .=J“ ja- ij* 

mco 00 00 CO CO CO CO 


CVJ CVJ CVJ CVJ CVJ CVJ CO CO CO CD - 

mmmmmmcvjcvj Cl cu mcococooocooqco 
H H iH i-t rH Hmmmm VD fl r-l rH H HHrH 
/HrHrHHHrJCVJCViCUCU tHCViCVlCVJCVJCUCVfCVJ 


CVJ CVJ cvi cvr CU CVJ 
mmmmmmoo ©coco 

H H rH H H H cu WCUCU 
r~i rH iH iH rH rH lA LAlfSlA 


o mmmo mmm 

iHOOOH Cl HO 

oocoo ooo 


VD rH 

o o 


moo mm mm 
OfHfHoo Hmoo 

ooooo oooo 


mmmo mm 
oo 

oooo oo 


mmo mo mmo 
Q Q mo H H o^a- 
o o ooo o oo 


oooooooooo oooooooo oooooooooo oooooooo oooooooooo 


VDVO VDVQ 
jo-iAHCu mmoo 
GO ^fAcviiTJSommcvi 
-=r-=r rH I I Hjsr t i m 

I CVJ I H I jsfa-CU 

At I co.5raf* w.rrar.a' U: 

cu 0.a- H H o cu rH H O 


Jtj- VO 

0 .=?• -a* ^ JO- jsj* 

irco mrocooocnco 

1 rHrH H rH «— < fH^H 






. . S(M^Wj3-C0 

coco KVa C5Mnsi- t'-a- cu 

ja'Jd* I ja* • rH H 1 rH m 

t 1 .a- I o H I o t CVJ 

;a•a^Ja*.a’■=^ W CUffiCO « 

CVJ cu rH cuco o i'»«a'a’ o 


cu 

jTJtrrAVf) 


OVD o O O.S*- 
ir^.Hi-jcomir^ 


cDVDja - 1 cvjcnco cu 

3 


p5cuo o 
coco cu H mcu CO ojco 

a".a*ja'H i •HrH.a’HCU 
cu I ' 1 p H 1 J 1 lA 
i «*ja*cocvjwcoja-^3*u 
ocu cuja*H Oja- cucuo 


o 

u ^ 
D Qi 


f 


HHHHHHiHiHrHH 


HnlHHHrHfHrHHrH 


OOOOOOOO oooooooo 



cvfcvJcu’ojcu^nic5 vp^vpy3\py5iOip\pVP 

... ^ ^ 


HH H rH rH rH r-fr-frHr-r H H H rH i— J iH H H rH rH rH 


^ ^ ^ ^ ^ CUCUCUCVJCUCUCUCU 
HrHfHrHiH HHHrHfHr-lHH 




o mo o mm _ mmm 
iH,H t^^miACvj cu o ovOvf^o 

<d H 

n 

hi 


U ay' 
HOH 


^ 


iC\nmm miA moo mm mm 
JMC^ovt^oCvovo h-mmcu wocTvov 


o mmm i, 
1^0 qovcrvc-o" 


S>S\0 


if^ininino o tning in ocMninooino inmoggoo ooo my:imo o inino omintriooinooo 

9992 ® trfQ o f-dS\CT.ScHi£) cococfSc^ 2 ^oo^ gxhcri in &io>g>c^o\crio> inirv3-VDca-=r InininSS 

OiO^cTiovD o^^3^o^o^aS ^^C5 0 ^o^c^l 0 ^o^c^\ o\C7\CTiOiO\o cr\ cxjiON oio^criO\ci\cria\o\ 

00 0 0 >-< ooooo rfHOOOOOO 00000.-I0000 oooooooo oooooooooo 


q 

c 

%v. 

E <x. 

•H4: 

u c 

Q> C 
Pi-r 
CO F- 

c 


moitocneotn^SMi-ji-^ 


ootaMcOMiqiH 


CO CO CO to CO hq 


H ^ »j* 

COC003WOCOt?i..i-li-. 


C/^ 


i^assss gagiBSis gissaasssa 


10 

D 

m 

VD 


O 

O 

ar 


VO 

o 

cu 


& 

cu 

VO 


m 

Qy 

h- 

ar 


r^ C 


m 

VO 

r 

rH 

8 


H 

£ 

I 

r- 

CU 

o 

cu 


f 

ar 

CJ 

o 

cu 




ar 

cu 

o 

cu 


cr. 

#H 

cu 

<X' 


Talile D~3 (Continued) 


f<^c c cj c a\ 

irNocvt r-*ora c 


IT ' — • K'. 

•a K’vC loa'x • 

a. •••»•• Cv- 

c-KNC.rH 
r-a a ^ c h M 




• Oarvt H\L o»H 


cr: ccc ‘ cc: ccc^t\i 


f^QiH^incr c'-iH S^rf^iDotr^' » 0'•^■^r”^ 

(HO o NCT'h.<xio: ^K'.fvj C\i c\j I ^‘a:IU 50 ^ 


tr«t-o Ka^yfT'U c-hi 4 o ^ r.t^ar 


*r< j C IT^K'vO rHr-tn 

[ qcn 


occa iTir^ C'-a:^vr: 
t^^r^ iH fH r*i n-l CV) 


1 irvyjyiA iniru, c^oc-^o 
I ifuncjar u 0\aAocsPt-t“ 

i. { rHri/^C^ C'<rHn^jHCvCuCVjCV. 


^minin r <xc 


u.' c c-cc-a Oja 
r u C Hit * 
^ ^- O'O O' 


CJ c; iror- cu C-’ o 

Cj rH t- O 

CiC'0'Cr^<r oovc; 


"COCCC-HO rHOOCO^HOr-i 


Qj O 

I r i-i H 
I i c^oo 
I J AO • • 
I I O'^rHrH 


ocj^oiriSP»x;X .-i-o 

CO OK\=r oo> . 

C;0»C‘.O^C^.C^C^■Ou r-VO^. 


lAa-CD^vncn 

.=^ o> O'-a- lA 

^HCO 0 0^0 0> 


(H fiCiOOOOOO 


-Hr-iO'^OHO 


C C CpOinif«lA tno C tAlAOlAlA iT'tAOOC 
;y-VoU; Oj h-C C'<X-^ Vi >a t- t-lACU t t- ^ VOaMA=f 
iHcro: a N-0-O'0' c.o>o>c c'0o'‘0' oojo^t^r- 


iHCjOCOCOO OC'OOCHOC ^^r^r^r^r-"00000 OOOOHOOO #HiHi-lr-irHOrHOHO 


.=f^ G0CDC30CO oOOOaovDUDUD^jy^-a* 

incocococooooDco ct-'^cccdqcjcococo uj^o'Xjvavovo o o o o cococdoocdcococq cv c ^; cu inininQ o h q 

VO f~^ H I— I fH rH rHrHiHr- irHj— IfHi— j fH M LAIAIACJ O C-» O »H rH i — 1 1 — I rH r^l r~l rH fH fH •* » •.fAlMJAtA 

HCJCVJCJCVICMCjOJ Cvj Ci cj CVl PJ C\J cj W cj OJCU^- CyCJCJCVCJCVJOJCi HHrHOCJOCyCJCjCJ 

rH r-J fH 


eniniAC l'ma 
OHC rH CjO 
O C O O o» O 


U^iAO in 

W lAi-J^VD rH 

CO im» o H o 


plAiniALA lA 
Ci O O rH 

ooooo 


OOOOOC‘C-0 OCIOOCICC^C oooooooooo oooooooo OOOOOOOOOO 


•u id ^ izf -a 

o oa- OAT 

n ol ti oc iTico mcoa^ iao> 

I-' K ti Vfj t VO I rHVo r H 
end rHOOrHCO CJH 03 CVJ 

q J VO f VO i-: r VO U 

C rH 0»-tC <0 rH O 


• (jvy*^-ArAs*:=r,=d*Ai' 

0 vooacocQCoc gcjcc- 


J rHrHHrHr r-J rH I O O O 

^CIOJCVJCJCJCJCVI cvjcvCJCJ cjAi*vo r! H rd 

o fvj w i i i i j ujmwww 

mo CO oo oo oo oo 0 0^*0 oo 


- VO CO 

sy 

AJ- r“t lA 

CJCODDOO A^^•;y- fH^- rH^-=J- 
VDVOOOC OOCOCO i CO I COCO 


O 

CJ VO 

8 tH lAO-=t*. 

fA -‘CUQ 


H J-H f'l CJ fivb rH H jyjyM I ^OrH 


CJAi-vo HHrd CJ cvjpy tACUi'^ojCJ 

J ^ mkJ WW WWWOWrH^^ 

o o^* COO O C O r-1 O f-i o c 


O CM CU H O O O O 


oooooooo oooooooo oooooooo 

w WW'N..'^ VOVoVOV£>Vi3VOVOVO'‘0*A W VD VOVOV£DV£3VJDVovoVOU5 

CVCVjCUCiClCJCJCJ CUCJCUCJCJC^CUCJ \\\\‘S.‘sSl^*W CVCyCJCUC^CJWCJ \ 

iH rH rH (H rH (H H pHrHrH H pH rH rH H (H H rHi-i r-i rH rHrHr-i r-l rH i-I rH rH rH H rH H rH i—i pH H rH f I rH »-i rH 




Qj ^ ooooommLn mpoiAooiALn ominmoinomop lAmpmtnmiAO moomoooinop 

THiJoj « lAlP'-LAh^COCO UT@ tr^fCCI trtr tr^^t^\OCOCOVDO><3 CO uSi3qo r*l OCO OCO t-CD OOT OlS 

4JOMC ^-c^t^b-t^oo»o\ aNC\c?\cr\0’*oO‘'C^ o^o^o^o^a^c^o^c^o^o^ o^o^a^o•100\o^<J' ^o>oo^o^o^oo\ 

^( 4 ^. ,•».♦,•• ••<»•««« *•»■•••••• •**••»■• *#•••*•••» 

C >H ra OOOOOOOO OOOOOHOO OOOOOOOOOO OOOOi-tOOO OOrtOOOi-iOHO 


T 'rV’’r‘'rt"^"t‘ ’r’Y'r’i^'rf tt' f rvf'r’f I't' f t* 

rO CO cO £/) CO H 1 1-^ Kl W to to tJ3 t/J M M f-4 cO CO cO CQ t/5 CO kI i-j hi CT* f/5 W? r J oO h-i hi h-l CO CO W CO CO CO H i-i >-* i- ; 


C"* E-' ^ h- 1 h • E ' E-* ^ P hH k; Eh ^ hi ♦-• hJ Eh E-* ^ g-i IH >-? hi h-J ^ E^ Eh ^ &h ^ iJ 


^ H F' 

>»Oii I 

rH E| r-' 

rH O, CV' 

<- r ’. o- 



Table D“3 (Continued) 


Oi 

^ OJ 


t! o rH hi I r-5 crco ! 

j cucvj I 00 r^tr 4 1 


C VC JO- H I p 

S' t^\c <^C^ p i 

s-^frvcu 4 C\J I I 


O^C O" ITM^r-r-i 
t~iC0t> CT‘®VOO' 


icj I I 

H p -=j-oo^ I 

U *^ircOHC\j \ * * . I 

^ ♦ » . • I rH om I 

--<0 t^- LA p OJ OJ H I 


I OJ I 

cvaj f<M • • » I 
JO- » ► • ■ I Oi C h- I 
'--t'-inKMA p OiCWfH f 


oino^ 

CVJ CVIHOJ 


-3^vo inf 

«m 

t^irv^4D*r 

• »KO • 

\i CO LACV 

^ 1 mirto 1 
A 1 OOD 1 

o^- ;gs,?i 

cuvr? CVJ 

r-i CTNC:; 

mco om 
mfcrr-im 
OVCVOO' 

1—1 

B 

a 

o 

g 

u 






g. 

03 

0) 

^-»=^moc 


o Q c p o mmmmm 

VD 0\\O DVCCC’ O'OVO'm 
\c mmc7smO‘Ovoovo> 

y^mp 
OVrH cu 

o>oo 

O', o o o> 

44 

O 

c 

03 

T3 

44 

t—P 

3 

c 

riiHrHr-J^iOrHOOO 

Hi-fr-tOHOoddd 

O H 

OHHO 

O 

O 


, . CQCOCOCOOO^i?*^^ rcOOa3COQOCO«Ofr COCO 

an VOCWCUOJCUOJOQQO CVJCVCVICUOJOJOOOO QOQ OQQQ 

HHHHHHOOOO 5>f<^aV 

wp: WHHHHrHWWWCU H M «-f H rH i-< H rHH H <M <M OJ OJOJOICV 


H 

mo mom 
WHOHC 

o 

f-i 

o 

1-4 

mm 
o o 

om 

f-4CU 

rHOOOO O 

coooo 

o 

o 

oo 

oo 

oooooooooo 

oooooooooo 

ddo 

odoo 


pHOO 


cu I r t j=rr*PH pwo^PJ 


8 ocn CO oq 
OiOJ ocvji 
JO* JO* JO- rH^ O iH C 

I OJ OJ p I ri P f 

JO* I I -=r JO- k I Uf-o- V 


CC VD 

Ko oj r^ 

K\ fAM 

rH-=S* JO- O H-=r 
CD J Q Qf< P Q 

\o\o kS a r cvj fA 

iHh-pJ ^jO*fApJ 

' Hfe «VDOfe 


O CVI CVI^VO O O O O O CJOOCyCVJOOOCUO OiHO OOOHO 


HHHHHHr1Hi-|H 


VOVD VOVO VD\D VO VO vdvj 
r*f r 


^ H H C3 inin ^^px^m 

45*^^ t^Loinojcvioov^t^o 

cE>? 


jH I 

txiii40 -j poinmiTiC pino o 


OOP oopo 


fH^^^'^r•1^^r^f^^“^rHr■^ HHr^ r-Pr-Pr-'H 


mo c mm mmm 
t-mmoj cu o ovovt-o 


mmm _ mm 

0%OVO\ 0 0^00 


c6»3 I dddcjodoooo 


r-tooooooooo OOr-P enOOOO 

3 


^ • CJ o 

U Vi G) 

(D C J3 ^ 

G) X3 O O 

K E 

0) tH 'D 0) 0) 

o C n 0} 

c q> Id s 3 

o a q] cd 

n 0) o o 

'O o QJ o 

3 p<*o 'o 

n o 3 o o 

<d «H n 43 4J • 

0) flJ cj C 

S <U J) H f—J O 

C 3 3 «H 

j« K 3 O O -P 

43 PD43I-IH d 

M o 3 d «H 

C C d O O H 

o O P^ o 

r-i in d a) 4^ 

•a ^jo K 

^ 0) <1) 0) 

O 44 

d 343 o O 0) 

CD C C c 

o d c; d 

0) 0*^3 T3 \-i 

0) E HH Jh 

M 3 3 3 

d n 9) O o • d 

Jh J3 C o O 03 

5 W) VJ K J>» o C . H 

® tJc044 4J*iH pfctf 

•a 0) > 

Cf-<B(73n dPUH 

d c c 3 d o 

.b! n o> 03 td ^ 

'O Q^4J 44 
dd44CCdOd 

o R *H 

HOC 0) 0> ^ 

0) d ID CD (t) 

T} 4>r-{ CD 0) o 344 
0) C]p d IUt-( (OiH 
-H d^ fJ.C O 
Hh 343 4." aa> o 


oc nwco{ococai^Jl(-)J4 

g.^ 

£ 


wmra wtntOtbhJi^iM « to to co co 1 -^ >4 




♦-J 4-<t. W 03 44 B 03 

£ 9 > d o a 

H B J4 

d 0) 03 l-< T3 

4044 44 0) 3 ^ ‘rP 
d d dr-lM O'OrH 
r*»fHiH,Op4H 0) d 
3 3 3 d i1 > > 
O O O'H-H'a O 

?3 E 44 
ddd<i>aj£3 03O 
oooccccote^ 


g J 

'iSi p 

a . ^ 


STRESS INTENSITi: DETERMINATION FOR S-L BOEING DOB SFEC1MEN3 
EXPOSED TO SEACOAST ATMOSPHERE 
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Notes: (1) Exfoliation noted on aides of specimen. _ . 

(2) V (elastic) were taken from Table 21 and were used for all calculations of K for this Table. 
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Notes ; (1) Corrodent 

J.5‘6 HaCl - Added dropwlse three tiroes per day, 

SEA - Total Intners'lon in sftlt-dlchroinate-acetate solution at pH 4.0. 

(2) T(aln3tlc) were taken from Table 21 and were used for all calculations of K for this Table. 
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Table D-10 

T1-6A1-4V bolt loaded compact TEnSION SPECIHEHS 
EXPOSED TO ATMOSPHERES AAT) ACnrr.gRATED TESTS 


i 


I r I I 

1)10 1 
I I t I 


I I O 
I sO I 


a\ 'JD 

) I ■— ' ) 
I O I I 


I { II 

I I C\i > I 

I I I I 


I I ^ I I 
' I £> I I 

I r 

j w 1 ) 


I t 


r lAO I I 
I :ot^ I I 


I rH lA f 


KVr>X>T» cHOtA3D 


^ ^AK^C\j tACM CU H 


I 


m 


§2 

I 


1 if^moo 

I sHQOQ 

I oqoo 

I 


miAOo I mo mo 

0\HOO I fAOO>0 

o\ooo I mocno 

. . ♦ ♦ r « > • • 

OHrHi-l tf-fr-iOi-l 


mo O'O 

fH I— ti— f 


OJ-a-o 
Q miAO 


mmoo ommm 
O’vtOoO cJ>t^ra5<yk 
o%ojoq o\mcxjo> 

OHHIH Or-fHO 


1 7 tn 

2 b 

aa 


Ifi 


cywwmcvj ojHCuocu 

Mr^iHCOH I— 

aacOQO^CO cOi-fCO^CO 


hhiohh HVDVOHH 
cOCO^CDCO CO^^COCO 


&SS 8 8888 

OJWAIOJ OJCVWCU 


u; B ^ 

■as . 

7 7 0) 


wif 

CD p 


Q) 

U 

o 


£ 

7 0> 
B} 4J 

as 

& 


O O O O O O I 


oj cufumcu 

hhhcoh 

COCOCO.3 CO 

ooooo 


cvit'-co^co 

00 , • I t f 

. Womo 

its ‘HiTiH 


ooooo 

mmmmm 


ooooo 

mmmmtn 


ommmo ommmo 


5 


m 

o *ooo 
o 


»^\ocQm\£j \o co^<{- 

COCO^COCO OOf<V4-COCO 


ooooo 


o ooo 


ooooo ooooo 

mmr'VAm lAtAKVAfA 
it* ^ ^ 


ommmo ommmo 


wo 
o o 


8 8 

w w 

rH 

o o 


oooo 


mw 

o ’ *o 
oo 


o\ o> 

o o 

w . w 

o o 


oooo 

CT\Q>P>p\ 

WW WW 


h-h-C'-f- 


ommo mmo 
cT\t^m oo\f^m 


(d -p 7 


0) 

•H^-P » 
P U MC 
•H 0} Chi 

fisa 


c 

o 

Cwi 
0) -P 
5 si 
•H P 

o c 
« 0) 


c 

i 

*o o| 


S mmmo mmmmo 
Hoo\o coa\o'iov:j 
oooa\o o^o^o^o^o 

HHf-Jor-i odoOrH 


»J 1-5 ►J vJ ^ (-5 

I I I I I rill) 


f— f rH «H rWrH 
OOOOO 
Eh 6i 6-. 
k I I I I 

m 

o^ 

KQ 
\D 
rA 


m^o 

r-t r-i r-{ 

00000 

E-Ehe- 6^&4 

1 I f I i 


C\ 

».o 

yo 

fA 


o mmo o 

r-)CTiQOO 

oa\ooo 

rH O rH rH rH 


S mmmo 

CTiON(?\0 

OCtso>OnO 


I 1 I I I I I I I t 
&^EhEhSh6h g-tg^HEHE-, 


r-C0 0\O rH 
rHHfHWW 

00000 
C- e- E- Eh EH 

1 I I I I 

m 

\o 

o> 

\o 

\o 

m 


f~COO>OrH 
rH rH rH W W 
OOOOO 
E-i 6-* ei ^ 

m ' ' ' ^ 

VO 

s 

VO 

m 


mmoo ommm 
o^cnoo tnovovgv 
o^o^oo o^o\cvo% 

OOrHrH OOOQ 


I I r I 


O 

r-co cr\rH 
oooo 

£*•£-( C-it' 
kill 

m 

VO 

Ch 

VO 

VO 

m 




t'HJQ 0>rH 
OOOO 

V£> ' ' ^ 
VO 

8 

VO 

m 


! C O 


P-P^ c, 
^aS U O 
C c aJ o. 
« ^ ( 


id J) fH S) £ 
'qu^^i!:cdX4u7D> 
3aI-^5-P>OvH0)<Q 

o U M7 7 o o> 

rH o C C O M ap.n 
0 ) Xh isi 0) K x: 
XlOrrH 0X4Vtt 

4) w p rH u ec 3: 

•H^i^n^daooo 

«HX«OOOdX<r-»PP 

OiV^POlWOrH 

^ ^ fcV-. > i b “ 


9 P O J 


Q.> Xi ^ 

aj o q O , . . . 
B e ?s § l; 

O 5 OrH 0«H O O.C 

t< S .t, rH 5 ^ t* 


Ch W p 


r O Cf> X4 


PCS Vh 
'O'U'O « 7 C^O p 
VVU OOkOTlOX* 
PpPCSPPfflCO 
s)a}(Otiova)cS>^ 

rHrHrH 5 T3 rH 0*0 

777PrH 7«rH Q) 
U U O OrH C OP^:7 
rHrHrH® erf OiHOl^rH 

OOOM^3iOo)0.> 


rHWm^m VO Ov 


I o 
® bO 
.C X* 

ap 

rH £*< 

< 


TJ 

O 

U) 


lO»D 
I ® 
e tfl 
j:: X. 


'O 

0) 

2> 

O 


a. 


tJ 
I u 

ag’ 

ao 

HC. 

■< 


